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ABSTRACT 
Materials with low thermal expansion coefficients (CTEs) that will survive 
temperature cycling are of interest in a variety of applications on the microscale, 
including actuation, precision assembly, and injection mold fabrication. Invar 
alloys exhibit a low positive coefficient of thermal expansion ranging between 0.2 
– 1.2 µm/m-°C at room temperature. 
The electrodeposition process for fabricating nanoscale multilayers of 
Invar and copper in micro-patterns was characterized to assess their value in 
various MEMS applications. In an ongoing effort to maintain a stable CTE and 
effectively control the grain growth of Invar, nano-multilayers of near Invar-like 
FeNiCu and copper were electrodeposited into a pattern of 100µm tall 
microposts. A harder material than Invar, which could be used in mold insert and 
sensing applications, was of interest. 
Characterization of the FeNiCu electrolyte was done on rotating Hull Cell 
to determine the exact Invar plating range. EDXRF composition measurements 
showed that an iron to nickel ratio of Invar composition was obtained for current 
densities between 52.5 - 56 mA/cm², and copper alone was plated between 0.5 - 
1 mA/cm². Microposts were fabricated using the LIGA microfabrication process 
and 100µm diameter by 100µm tall posts with fixed thickness (12.5nm) FeNiCu 
layers were deposited alternating with 1 nm, 4 nm, 5 nm, 7 nm, and 9 nm thick 
copper layers using a two level current density pulse. 
The presence of the nanoscale multilayers was confirmed by TEM. 
Multilayer microposts were tested for their thermal expansion behavior to study 
 ix
the effect of varying the copper layer thickness on the response to heating from 
ambient to 300°C. As deposited, the multilayer alloy exhibited a negative CTE; 
for a 2.5 nm thick Cu layer the CTE was -3.28µm/m-°C up to 150°C and more 
negative for higher temperatures. Two subsequent heating/cooling cycles 
resulted in the material exhibiting a positive CTE, where the multilayer provided 
energy for the reconfiguration of the alloy into a more stable, positive CTE form, 
comparable to bulk Invar.  
The average microhardness of the as-deposited multilayer measured 50 
on the Rockwell C scale and was comparable with H13 and P20 type tool steels. 
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CHAPTER 1. INTRODUCTION 
1.1 Potential Applications of Low CTE Materials 
Low coefficient of thermal expansion (CTE) materials have a wide range 
of applications ranging from thermomechanical actuators to mold insert 
fabrication. They offer a very high dimensional stability in precision control 
operations and are also used in critical applications to minimize thermally-
induced dimensional changes [1]. The importance of low thermal expansion 
materials is manifested in their widespread use in high anti-thermal shock 
applications such as cookware for oven to freezer use, electronic devices, heat-
engine components, and automotive uses (spark plugs, catalyst supports), In all 
of these applications, materials that demonstrate dimensional integrity for 
changes in the operating temperature are essential. 
1.1.1 Actuation and Sensing 
1.1.1.1 Thermomechanical Stability 
Low thermal expansion materials are used in the manufacture of optical 
mirrors used in telescopic applications, large mirrors for terrestrial observatories, 
and in satellite systems. The choice of materials for mirrors greatly influences 
temperature stability and gradient requirements. CTE is an issue because of the 
shape change that occurs as a mirror changes temperature. The lower the CTE, 
the less the mirror is affected by temperature variations. Low CTE materials are 
also used in meso-/micro- scale nanopositioners that have potential applications 
in nano-metrology, near-field scanning optical microscopy, confocal microscopy, 
and chemical patterning. Temperature changes affect the accuracy and precision 
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of the positioning systems. To minimize the thermal drift, low CTE material is 
used as the material for the nanopositioner. 
1.1.1.2 Bimorphs  
Thermomechanical systems can also take advantage of the physical 
expansion and contraction that occurs in the materials as they undergo 
temperature changes within their phase (solid, liquid or gas). Typical examples 
include bimetallic thermostat elements used in home temperature regulation and 
toaster mechanisms. These devices use two different materials having high and 
low expansivities that are bonded together. Heating produces bending of the 
composite beam. Thermostatic valves are a means of measuring the 
temperature and controlling the heating and cooling in industrial applications. 
1.1.2 Packaging 
The coefficient of thermal expansion is a critical material property for 
microelectronic, optoelectronic and MEMS packaging. The increased role of 
advanced materials in electronic package design optimization has spurred the 
development of new material types and combinations. Advancements in 
electronics packaging now require manufacturing of superior materials to 
optimize the electrical, mechanical, and thermal performance of the system. Low 
CTE materials find their applications in RF/microwave housings, electro-optical 
housings, power integrated circuit (IC) packages, carriers, and wave-guides and 
microwave filter components. Some of the selected electronic packaging 
materials include SiAl, SiC, Al/SiC and Kovar (Fe-Ni-Co)  
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1.1.3 Mold Inserts 
Materials with low coefficient of thermal expansion that would survive the 
temperature cycling in injection molding are of interest. Mold inserts patterned 
with microstructures are usually subjected to large thermal cycles that cause 
dimensional variations during the injection molding process. Currently, the 
standard is nickel, brass, or tool steel as the material of mold inserts in a majority 
of different MEMS applications. These materials have higher CTE values than 
Invar. The microstructures on these mold inserts may undergo considerable 
dimensional change over a molding cycle with large temperature loads. To 
counter this effect, low thermal expansion materials could be used as mold 
inserts with similar material properties and comparable hardness to tool steel.  
1.2 Low CTE Materials 
All solids when heated or cooled undergo reversible dimensional changes 
on a macroscopic level because of a change in the thermal vibrations, which are 
always present in the crystal. This is known as thermal expansion or dilatation 
[1]. Metallurgical operations at elevated temperatures, such as those that involve 
solidification and/or mechanical deformation, can be critically influenced by the 
thermal stresses and strains that result from expansion or contraction of the 
material as a function of temperature. In critical applications, the immunity to 
thermally-induced dimensional changes is achieved by the use of low coefficient 
of thermal expansion materials [2]. A brief introduction to some of the low CTE 
materials that are used in the industry follows. 
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1.2.1 Bulk Materials 
1.2.1.1 Glass 
Glass is the historical and current material of choice for large mirrors 
operating near room temperature. Glass can be polished to a very smooth and 
precise surface without any grain structure. Several glasses have been tailored 
to have coefficients of thermal expansion close to zero to allow production of 
thermally stable optical components. These glasses include silica-based glasses 
such as ULE (ultra-low expansion) glass from Corning and Zerodur glass from 
Schott. Borosilicate glasses such as Ohara’s E6, Schott’s BK7, and Corning’s 
Pyrex glasses are less expensive and easier to procure but do not exhibit as low 
a CTE and therefore are less thermally stable and used in less demanding 
applications such as small telescope mirrors. Regardless of the glass used for 
mirrors, glass has an inherently low stiffness that leads to poor dynamic 
performance and therefore becomes a less desirable material as mirrors are 
made larger and lightweight. 
1.2.1.2 Zerodur 
Zerodur is a semitransparent nanocomposite glass-ceramic, which 
exhibits near-zero thermal expansion at room temperature. It contains about 70 
wt% of crystalline phase and 30% of glassy phase. The CTE values for Zerodur 
for different temperature ranges such as -0.15 µm/m-°C (-195°C – 20°C), 0.05 
µm/m-°C (20°C-300°C), and  0.12 µm/m-°C (20°C - 600°C) [1]. The crystalline 
phase has a negative expansion and the glassy phase a low positive expansion. 
Depending upon the proportion of glass and crystalline material, a near-zero 
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expansion material is possible. These are used in manufacturing reflectors for 
telescopes and optical mirror substrates. 
1.2.1.3 Invar 
Invar is a binary alloy of iron and nickel (36% nickel, 64% iron). Its 
coefficient of thermal expansion is so low that its length is almost invariable for 
ordinary changes in temperature below Curie point (Tc) [3]. Some of the 
remarkable characteristics in the temperature dependence of the thermal 
expansion coefficient of FeNi Invar include a large negative differential coefficient 
of expansivity in the low temperature region near 0 K with a small expansivity 
near room temperature [4]. 
1.2.2 Microscale  
1.2.2.1 Electrodeposited Invar 
The potential application of electrodeposited Invar in MEMS 
sensors/actuators and mold inserts was investigated. Manufacturing Invar for 
various low thermal expansion applications was a relatively simple and more cost 
effective process as compared with using other materials discussed above.  
1.2.2.1.1 Composition Controlled  
Work on electrodeposition of Invar alloy in micro-recesses was done by 
Podlaha-Murphy’s group at LSU Chemical Engineering Department. 
Electroplating Ni-Fe alloy in the Invar range was first attempted by Datta [5]. The 
electroplating bath was later refined and modified by replacing the chloride salts 
with sulfate salts by Namburi [6]. He added more iron salts to achieve the 
composition of Invar. He found that the concentration of iron in the deposit was 
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more sensitive in obtaining 64 wt% Fe in the deposit and designed a pulsing 
technique in electrodeposition of near Invar microposts. In continuation of the 
work, Sathe [7] implemented the pulsing scheme and electroplated Invar having 
Ni:Fe ratio of 36:64 along the length of micropost.  
1.2.2.1.2 Material Properties 
Electrodeposited Invar was tested for the coefficient of thermal expansion 
property by Palaparti [8]. The study was performed for both annealed and 
unannealed materials. The author noticed that the CTE’s for both bulk and 
electrodeposited Invar were comparable. It also had lower hardness than tool 
steel and was not suitable for mold applications. 
1.3 Work on Multilayer Invar 
1.3.1 Background 
In the prior work done at LSU, microstructures of Invar composition were 
integrated into thermomechanical, recurve, bimorph actuators as the low CTE 
component, a positive linear deflection as a function of temperature was obtained 
up to the Curie temperature, where the deflection reversed for higher 
temperatures [7]. The reversal was partially attributed to the increase in the 
positive CTE with temperature, which is particularly sharp approaching the Curie 
temperature, and is characteristic of bulk Invar. In an effort to control the grain 
growth of Invar during an increase in temperature, nanoscale multilayers of Invar 
and copper were electrodeposited in the form of microposts and checked for their 
variation in dimensions for increase in temperature from ambient to 300°C [8]. 
Testing was done on both annealed and unannealed samples. An average 
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coefficient of thermal expansion of 2.02 µm/m-°C was found for annealed 
samples and 0.847 µm/m°C for unannealed ones for a single thermal heat cycle.  
1.3.2 Investigation 
1.3.2.1 Motivation 
The goal of this project was to characterize the electrodeposition process 
for fabricating nanoscale multilayers of Invar and copper in micro-patterns and 
assess their value in various MEMS applications. In an ongoing effort to maintain 
a stable CTE and effectively control the grain growth of Invar, nano-multilayers of 
near Invar-like FeNiCu and copper were electrodeposited into a pattern of 100µm 
tall microposts. The resulting nanoscale multilayers were evaluated using various 
characterization techniques. The effect of annealing on the nanolayers was 
compared with that of as-deposited multilayers. The motivation behind this work 
was also to manufacture a harder material than Invar, which could be used in 
mold insert and sensing applications.  
1.3.2.2 Electrolyte Characterization 
Characterization of the FeNiCu electrolyte was done to determine the 
exact Invar plating range with appropriate current densities. This procedure 
involved the parametric evaluation of deposition parameters using the rotating 
Hull Cell in order to characterize the plating bath. This led to an appropriate 
method in electroplating near Invar and copper in multilayers in micro-recesses. 
1.3.2.3 CTE Testing 
Multilayer microposts were tested for their thermal expansion behavior to 
study the effect of varying the copper layer thickness on the response to heating 
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from ambient to 300°C. Thermal expansion coefficients were measured to 
determine the sensitivity of the CTE to the multilayering and to the thickness of 
the copper layer. CTE variations were examined for mulitlayers having fixed 
thickness (12.5nm) Invar-Cu layers alternating with five different copper layers 
thickness such as 1nm, 4nm, 5nm, 7nm and 9nm.  
1.3.2.4 Materials Characterization 
1.3.2.4.1 Structural Imaging 
Scanning electron microscopy (SEM) was used to view the cross-section 
of the multilayer micropost. An important feature of the SEM is the large depth 
field, which was responsible, in part, for the three-dimensional appearance of the 
micropost specimen. Nanolayer characterization of the micropost was done by 
TEM to distinguish alternating nanolayers of FeNiCu and copper along the length 
of the micropost. Structural imaging was done on the as-deposited and annealed 
multilayers to compare the individual grain size and layer thicknesses. 
1.3.2.4.2 Microhardness 
Microhardness was determined by forcing a Knoop indenter in to the top 
surface of the multilayer microposts with a 10 kgf/µm² load. The surface of the 
micropost was near mirror polished before the experiment. Four to five 
indentations were made on a single micropost, and the hardness numbers were 
compared. The indentations were visualized with a scanning electron 
microscope. Microhardness characterization was done on five different multilayer 
samples having different copper layer thicknesses. 
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1.4 Thesis Outline 
This thesis contains six chapters. Chapter 1 gives a short and succinct 
introduction on the scope of the project, the motivation and the need for the 
research. It provides an overview on some of the questions that are addressed in 
the thesis. The literature survey and the background information for this thesis 
are explained in four different sections in Chapter 2. Accomplishments by various 
research institutions in the field of multilayer electrodeposition are included in 
Section 1. The theories of Invar with its property of negative thermal expansion 
are included in Section 2. Multilayer electrodeposition principles with detailed 
description are discussed in the third section. Section 4 details on multilayer 
effect on mechanical properties.   
Chapter 3 focuses on the electrochemical process and rotating Hull Cell 
experiments with five different sections. Introduction to electrochemistry with 
basic theory and concepts is briefed up in Section 1. Different parameters 
involved in establishing FeNiCu plating solution are summarized in the second 
section. The strategies employed in figuring out the Invar plating regime are 
detailed in Section 3. Details of the polarization experiments and impedance 
analysis are provided in Section 4. Results and final conclusions of the FeNiCu 
plating condition are described in Section 5.  
Microfabrication procedures and manufacturing steps are discussed in 
Chapter 4. Introduction to the LIGA process with the description on the X-ray 
mask with pattern details are studied in the initial two sections. Details on 
substrate preparation, PMMA bonding, exposure and different parameters 
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affecting fly-cutting procedures are established in Sections 3 and 4. The 
remaining three sections discuss on the electrodeposition process, plating jig 
design, plating parameters with current pulsing scheme and novel polishing 
techniques employed in obtaining the desired microstructures.  
Chapter 5 deals with the different material characterization procedures 
and multilayer identification methods used in distinguishing Invar and copper in 
the electroplated micropost. The different sections explain the ceramic cutting 
process with sample preparation steps for both SEM and TEM analysis. The 
results and discussions with recommendations for the future work and 
conclusions are summarized in Chapter 6. 
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CHAPTER 2. BACKGROUND 
2.1 Prior Work in Invar Electroplating 
Various research institutions have worked on Invar electrodeposition for 
different MEMS applications. These included Texas Instruments Inc (Attleboro, 
Mass, USA), International Business Machines (Almaden Research Center, San 
Jose, CA 95120), Philips (USA), Louisiana State University (LSU Mechanical and 
Chemical Engineering Departments, Baton Rouge, LA, USA), Lawrence 
Livermore National Lab (Livermore, CA, USA), and the Central Electrochemical 
Research Institute (Karaikudi, TN, India). 
Considerable work has been done at LSU in determining the necessary 
electroplating bath composition and plating conditions for Invar electrodeposition 
in deep recesses. Datta [5] made a first attempt in electroplating Invar in deep 
recesses to get microposts. The correct Ni-Fe composition in the ratio of 36:64 
could not be maintained along the length of the micropost using a DC or square 
wave plating. He used a nickel chloride electroplating bath instead of a sulfate 
bath that induced residual stresses and cracks in the deposit. A modified 
electroplating bath with a pulse plating approach was designed by Namburi [6]. 
The technique for electroplating Ni-W alloy for microposts was applied to plating 
Invar in deep recesses. Palaparti [8] measured the coefficient of thermal 
expansion of the electrodeposited structures and found them comparable to bulk 
Invar. Sathe [7] demonstrated the feasibility of a thermomechanical actuator as a 
temperature sensor for maximum temperature measurements. Electrodeposited 
invar structures were integrated as the low CTE element into thermomechanical 
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recurve architecture in bimorph actuators. She observed a positive linear 
deflection as a function of temperature that was consistent with model predictions 
[Fig 2.1]. The deflection reversed for higher temperatures after Curie temperature 
(Tc). The change was partially attributed to the increase in CTE with temperature, 
which is particularly sharp approaching the Curie temperature, and is 
characteristic of bulk Invar [9, 10]. Nanolayered composites were investigated as 
a possible method of restricting grain growth in the electrodeposited Invar-like 
alloys, and modulating changes to the CTE as a function of temperature. 
Multilayers of NiFeCu/Cu in nanometer dimensions were electrodeposited into 
micro-patterns by Palaparti [8]. 
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Fig 2.1. Plot of deflection vs. temperature change for bimorph actuator with 
electrodeposited Invar as low CTE element. 
Temperature in °C 
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The CTE was found to be 0.85 µm/m-°C over a temperature range from ambient 
to 300°C. The goal for this research was to characterize and study the thermal 
expansion of Invar-Cu multilayers for different copper nanolayer thicknesses. 
 Earlier advances in the field of electronic components were made in 
printing wiring boards (PWBs) by Philips, using copper-invar-copper multilayers 
to obtain a high density packing of chip outlines on a multilayer board [11]. 
Technological advances made electroplating the laminated Cu-NiFe films 
possible for inductive recording heads and magnetic shields from a single 
electroplating bath [4]. Significant work has been reported in the area of Invar 
electrodeposition [12], configuration of different plating baths [13, 14], and the 
affect of different plating parameters during deposition. 
2.2 Invar Effect: Definition and Description 
The face-centered cubic (fcc) alloys of iron and nickel with a nickel 
concentration of around 35 atomic percent exhibit an anomalous low (almost 
zero) thermal expansion over a wide range of temperature. This behavior was 
discovered by Guillaume in 1897 and is known as the Invar effect [15]. For this 
discovery and his finding of the temperature-independent elastic behavior of Fe-
Ni-Cr alloys (“Elinvar”), he was awarded Nobel Prize in physics in 1920 [16]. 
Widespread experimental and theoretical research in Japan and Europe has 
produced more than 20 models to explain this effect [17]. The Invar effect 
developed into an “Invar problem”, which is a basic problem of itinerant 
magnetism [17]. This is also the result of the compensation of the normal thermal 
expansion with the large magnetovolume effect associated with the variation of 
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the amplitude of the local magnetic moment [18]. The unusual thermal properties 
due to the Invar effect are assumed to be a consequence of the existence of 
magnetovolume instability within the range of thermal excitations [19]. Although 
the general features of Invar effect can be qualitatively understood in terms of 
this instability, a detailed microscopic theory of Invar is still lacking [19]. 
2.2.1 Invar Anomaly 
The understanding of the Invar anomaly found in some magnetic transition 
metal alloys, such as Fe-Pt and Fe-Ni, has remained a challenging problem of 
solid state physics for more than 100 years. The main property of Invar alloys is 
an almost vanishing thermal expansion below the magnetic ordering 
temperature. It was recognized very early that there must exist a negative 
contribution to the thermal expansion, which is related to magnetism and which 
compensates the ever present positive contribution coming from the 
anharmonicity of the lattice vibrations [20]. The strong coupling of a given 
magnetic order or of thermal excitations of spin fluctuations to the atomic volume 
causes magnetovolume effects to be responsible for Invar and anti-Invar 
behavior [21]. With increasing temperature and decreasing magnetization, 
electrons can be transferred from the anti-bonding orbitals, which keep the lattice 
spacing large to the non-bonding orbitals, causing the lattice to shrink and lower 
the thermal expansion (Invar effect) [21]. The list of anomalous physical 
properties of Invar materials include the temperature dependence of the lattice 
constant, heat capacity, magnetization, pressure dependence of the 
magnetization and of the Curie (Neel) temperatures, spontaneous volume 
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magnetostriction for both low and high T, thermal variation of high field 
susceptibility and of elastic constants, as well as of Young’s and bulk moduli [16]. 
A further anomaly which is typical for Invar alloys is the much stronger than usual 
drop in the magnetization upon increasing temperature. This is due to the 
existence of mysterious “hidden excitations”, which, however, have never been 
detected experimentally [20].  
A number of theoretical models have been suggested for the explanation 
of Invar anomaly. One of the earlier phenomenological models is 2γ state model 
introduced by Weiss. According to this model, there are two magnetically ordered 
states, one ferromagnetic high volume state and the anti-ferromagnetic low 
volume state [22]. Thermal excitations between these two states are supposed to 
compensate for the usual lattice expansion related to anharmonic effects of the 
lattice vibration [15]. Modern electronic structure theory confirms the main idea 
and understanding of this model. First principles calculations of ferromagnetic γ-
Fe, ordered Fe3Ni and random f.c.c Fe-Ni alloys clearly show the existence of the 
two magnetic states, a low-spin low-volume state (LS) and a high spin high-
volume state (HS) [15]. The low temperature property of Invar was well explained 
by applying the disordered local moment (DLM) formalism to Fe-Ni [20]. It can be 
directly related to a finite temperature state of alloy. This theory allowed a 
quantitative prediction of negative magnetic contribution to the volume expansion 
causing the Invar anomaly [20].  
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2.2.2 Negative Thermal Expansion Property of Invar 
 The temperature dependence of the thermal expansion coefficient is a 
remarkable characteristic of Ni-Fe Invar alloy. Invar exhibits a large negative 
differential coefficient of expansivity in the low temperature region near 0K, a 
small expansivity near room temperature, and no abrupt change at the Curie 
point [23]. It is difficult to incorporate the displacement fluctuations (thermal 
phonons) on the same footing as the magnetic and compositional fluctuations in 
finding the origin of negative temperature expansion effect in Invar [24]. 
Abrikosov et al. (1995) provided an effective Gruneisen theory showing a 
possible cause of negative thermal-expansion coefficient in Ni-Fe, without 
considering the effect of phonons. Both electronic and phononic contributions to 
the Gruneisen constant have been discussed in an electronic model proposed by 
Kim et al [25]. He found that the phonons are dominant in the explanation and 
highly dependent on the magnetic state. The negative CTE effect, including the 
thermodynamic behavior of Invar, arises from the interplay of magnetism and 
alloying. The theory relies on both the electronic (magnetic) and phononic 
behavior of ferromagnetic structure in Invar. At Invar composition, there is a small 
energy associated with the canting moments that causes the lattice to contract, 
whereas an increase in temperature would cause displacement fluctuations 
(thermal phonons) leading to lattice expansion. The expansion due to phonons 
and reduction due to spin canting would lead to a small, perhaps negative, 
thermal expansion [24, 25]. 
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2.3 Electrodeposition of Multilayer Microstructures 
Multilayer microstructures consist of alternating layers of two different 
materials that are characterized by repeat lengths of a nanometer or greater. 
They have been widely studied because of the two-dimensional structure of the 
film, the high density of the interfaces, and the possibility of interactions such as 
magnetic coupling between the layers. Vacuum techniques including 
evaporation, molecular beam epitaxy, and sputtering are typically used to 
produce multilayers. These processes can offer deposition control almost at the 
atomic level [26]. Electroplating is also an atomistic deposition process that can 
be used to produce multilayer microstructures. The obvious advantages of 
electrodeposition are higher deposition rate, low cost, and a deep-rooted 
industrial base allowing an easy technology transfer [27]. The nature of an 
electrodeposit is determined by many factors including the electrolyte 
composition, pH, temperature and agitation, the potential applied between the 
electrodes and the current density. The resulting films can be crystalline or 
amorphous, metallic or nonmetallic. Alloys may be deposited from the solutions 
containing ions of each constituent. Electrodeposited alloys are used widely in 
the microelectronics field, due to the cost-efficiency, and the applicability to 
irregular geometries. It is also an advantageous method compared to vapor 
techniques when depositing alloys of elements with extremely different vapor 
pressures. Electrodeposition has been shown as a viable technique for the 
fabrication of multilayered composites with discrete layers. Bimetallic 
multilayered structures can be conveniently fabricated by alternate reduction of 
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the metal ions from a common electrolyte containing both metals in a ratio of 
about 1:100 [28]. Electrodeposition of nano-structured modulated alloys, such as 
Cu-Ni, Cu-Co-Ni, and Fe-Ni-Cu is receiving increasing attention due to enhanced 
physical and mechanical properties.   
Copper/Nickel multilayers were electrodeposited for the first time by 
alternate deposition from two different electrolytes by Blum [1921]. The thickness 
of the films produced was around 24µm, but the layers were continuous and well 
defined, and the films had higher tensile strengths than homogenous films. More 
work on the magnetic and mechanical properties of vacuum deposited Cu/Ni 
multilayers stimulated the research on electrodeposited multilayers [26]. 
Electrodeposition of multilayers has been performed using several distinct 
methods that can be divided into single bath techniques and dual bath 
techniques. In the former, deposition is carried out from a single electrolyte, while 
periodically varying some deposition parameter to produce a compositional or 
structural modulation. The single-bath technique is based on electrodeposition 
from an electrolyte containing small quantities of the more noble metal and high 
concentrations of the less noble metal. The less noble metal (95-98% pure with 
noble component as impurity) and the noble metal are plated in alternate layers 
by switching the current or electrode potential. In the dual bath technique, the 
substrate is transferred between two different electrolytes and a layer is 
deposited alternately from each to build up the multilayer. These methods are 
described and compared below.  
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2.3.1 Single-Bath Electrodeposition 
Single bath electrodeposition of multilayers encompasses a variety of 
deposition techniques that range from the spontaneous formation of layered 
deposits during electrodeposition under nominally constant conditions to 
sophisticated methods using an electrolyte with a specially designed composition 
and a deposition current or potential with a tailored waveform. When alloys are 
electrodeposited, the structure and composition of the deposit are affected by the 
electrolyte composition, the agitation of the solution, the current and the potential; 
in principle it should be possible to deposit a compositionally modulated structure 
by periodically varying any of the deposition parameters [26]. Table 2.1 lists 
examples of electrodeposited multilayers made by several single-bath methods. 
The first controlled layer structures made by single-bath deposition relied on the 
observation that during alloy deposition, the composition of the electrodeposited 
alloy depends on the potential or current density. Multilayers of different 
compositions are produced with a periodic fluctuating current or potential. The 
individual layer thicknesses are proportional to the current density, deposition 
time, and cathodic plating efficiency. With more research on finer scale 
structures, attempts were made to produce films with repeat lengths of the order 
of nm and with individual layers made of pure metals rather than alloys. Tench 
and White [29] developed a key single-bath technique, which allowed the 
deposition of films with layers of pure copper alternating with nickel layers 
containing only a small amount of copper. During the nickel deposition, the 
copper content in the alloy was minimized by reducing the agitation. 
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Table 2.1. Single-bath multilayers [26] 
Multilayer 
Composition 
Repeat 
Length 
(nm) 
Electrolyte Deposition Method 
Cu/Cu 100 cyanide periodic reverse 
current 
Cu-Bix/Cu-Biy 100 Acid perchlorate Galvanostatic control 
Ni-Fea-Cub/Ni-
Fec-Cud 
12 Sulfate Current pulses 
Ni-Fex/Ni-Fey  Sulfate Galvanostatic control 
Co-23%P/CO-
33%P 
6 Sulfate/Phosphorus periodic reverse 
current 
Ag-34%Pd/Ag-
37%Pd 
75 Chloride Galvanostatic control 
Cu/Ni-2%Cu 100 Sulfamate Potential/galvanostatic 
Cu/Ni (Cu/Pb) 600 Sulfate(acetate) Current pulses 
Cu/Co 3 Sulfamate Galvanostatic, no 
agitation 
Ni/NiOx 100 Sulfate Periodic reverse 
current 
Cu-30%Zn/Cu-
50%Zn 
375 Cyanide Modulated pulse 
plating 
Cu/Ni-1%Cu 1.5 Sulfate Potential control 
Cu/Ni-Cu  Citrate/sulfate/chloride Galvanostatic control 
Ni-Px/Ni-Py 20 Sulfate/phosphorus Galvanostatic control 
Cu/Ni-1%Cu 3.6 Sulfamate Tailored galvanostatic 
Cu/Ni 6 Sulfamate Potentiostatic with 
coulometer 
Ag/Cu-Ag 100 Cyanide/pyrophosphate Potentiostatic with 
agitation. 
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Multilayers can be made by controlling either the potential or the current. These 
modes are known as potentiostatic and galvanostatic control, respectively. 
During potentiostatic deposition, an abrupt potential change is followed by 
a current change that may be anodic for some of the cycle. The anodic portion 
represents the dissolution of the recently deposited metal or hydrogen oxidation. 
Potentiostatic control is expected to give a sharper concentration gradient at the 
interfaces, but it is more difficult to ensure constant layer thickness because the 
metal thickness depends on the charge that has passed, and therefore the 
integrated current, which may change if the charge transport in the solution 
fluctuates.  
Under galvanostatic control, the potential may take several seconds to 
reach its equilibrium value after a sudden current change, which results in a 
diffuse interface. Although the interfaces are expected to be less sharp, the layer 
thicknesses are more consistent. Menezes and Anderson [28] used a triple-pulse 
galvanostatic deposition with agitation modulation to electrodeposit 
ultrastructured Cu-Ni multilayers. Lashmore et al [26] used a galvanostatic 
method with a tailored or triple-pulse waveform to increase the rate of change of 
voltage and therefore the interface sharpness. These refinements of the 
deposition waveform were motivated by a desire for a multilayer with sharp 
interfaces. 
2.3.2 Dual Bath Electrodeposition 
In dual-bath electrodeposition the substrate is transferred between two 
different electrolytes and a layer is deposited during each immersion. This 
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method was used by Blum in making the first coarse multilayer structures of 
copper/nickel, copper/silver and copper/copper [Blum, 1921]. The latter was 
made from two copper solutions (a cyanide solution and a sulfate solution) and 
consisted of copper layers of different grain sizes. Table 2.2 summarizes the 
multilayers made by dual-bath electrodeposition that have been reported in the 
literature. Most interest has been devoted to the single-bath technique, although 
the dual-bath technique offers a wider choice in the selection of components and 
allows the deposition in an unalloyed form. A major drawback of the dual bath 
method can be the difficulty in achieving the appropriate structure because of 
Table 2.2. Dual-bath multilayers [26] 
Multilayer 
composition (at %) 
repeat 
length 
(nm) 
Electrolyte used Transfer method 
Cu/Ni 70000 Ni sulfate, Cu sulfate Manual 
Cu/Ag 240000 Cu sulfate, Ag cyanide Manual 
Cu/Cu 240000 Cu cyanide, Cu sulfate Manual 
Ni-Px/Ni-Py, x, y < 
25% 
2.1 Ni sulfate/phosphorus Rotating substrate 
Cu/Ni 800 Cu sulfate, Ni sulfamate Manual 
Ni-Px/Ni-Py, Ni/Ni-Px 1.9 Ni sulfate, phosphorus Rotating substrate 
Zn/Ni 100 Zn sulfate, Ni sulfate Manual 
Cu/Ni 10 Cu sulfate, Ni sulfamate Manual 
Co/Ni-Px 40 Co sulfate, Ni sulfate Rotating substrate 
Cu/Ni 50 Cu sulfate, Ni sulfate Rotating substrate 
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the periodic exposure of the substrate to potential contaminants during the 
transfer from one bath to another. Also, it can be technically more difficult to 
automate. Another major disadvantage is that undesirable surface reactions may 
occur on the newly deposited film during substrate transfer or substrate cleaning, 
which is necessary to avoid mutual contamination of the electrolytes. The finest 
scale dual-bath electrodeposited multilayers reported to date were made by 
Goldman and Ross et al in the NiPx/NiPy alloy system [26].   
2.3.3 Pulse Plating  
Additional control over the composition and structure of electrodeposited 
alloys can be achieved by pulse plating in which high frequency, pulsed 
deposition is used instead of direct current deposition. Pulse plating usually 
yields finer grained deposits than DC baths because of the high pulse current 
density and resulting high nucleation rate. Pulsed deposition produces a 
homogenous film with composition and properties that depend on the frequency, 
peak current density, and duty cycle of the deposition current. The variation of 
deposit composition and structure with pulse parameters provides a technique for 
single-bath deposition of multilayers and has been used to make 
Ni91Mo9/Ni86Mo14 and alpha(Cu70Zn30)/beta(Cu50Zn50) brass multilayered 
structures [26]. Although the nucleation rate is high in pulse plating, the grain 
refinement is due to the different surface diffusion conditions. During pulse 
plating, the diffusion paths are blocked due to a high anion concentration 
resulting in decreased surface mobility, and the structure becomes columnar. In 
DC plating, the anion mobility is high and a crystalline structure is developed. 
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The ductility, tensile strength, and yield strength were found to be improved in 
alternating current electrolysis.  
2.3.4 Properties of Electrodeposited Multilayers 
2.3.4.1 Magnetic Properties 
 Electrodeposited copper/nickel multilayers have received attention as a 
model system consisting of ferromagnetic nickel layers separated by non-
magnetic copper layers. The quality of the structures was detected by 
measurement of the saturation magnetization. Electrodeposited multilayers have 
higher saturation magnetization than vapor-deposited films [26]. The interfaces of 
the electrodeposited multilayers were sharper than those of the vapor-deposited 
films with a low coercive field and weak temperature dependence of the 
saturation magnetization. Electrodeposited ternary magnetic multilayers such as 
Cu/Cu-Co-Ni have shown a giant magnetoresistance effect of up to 18% at room 
temperature. The effect was caused by the multilayer structure rather than being 
an intrinsic effect of the alloy composition [26]. Huang and Young [30] deposited 
compositionally modulated multilayers of CoNiFe/Cu and showed the giant 
magnetoresistance effect of roughly 6% at room temperature. K.Attenborough 
et.al [31] have shown that the electrodeposited multilayers of Ni-Fe-Cu/Cu, with 
individual layer thickness of 2nm Ni-Fe-Cu and 2.5nm Cu having 200 bilayers, 
exhibit a GMR of 1.4%. This compares with the 2.5% GMR found in uncoupled 
Permalloy/copper sputtered multilayer films [31]. Magnetic characterization has 
been the fastest growing area of research in electrodeposited multilayers. A 
range of soft magnetic multilayer films and films with giant magnetoresistance 
 25
effect have been deposited, with possible application to magnetic recording 
heads. Electrodeposition is ideally suited to commercial production of multilayers, 
and can be used to make structures with graded interfaces and with a range of 
crystal orientations.  
2.3.4.2 Mechanical Properties 
 The mechanical properties of metallic alloys are dependent upon their 
structure. Changes in the microstructure are understood to produce 
improvements in many of these characteristics, such as yield strength, tensile 
strength, and elongation. Multilayer structures exhibit a greater resistance to 
plastic deformation and fracture than homogenous alloys. Measurements of 
tensile strength, modulus, and the wear-resistance of electrodeposited 
multilayers have been made. A majority of the work [26] dealt with the tensile 
properties of copper/nickel multilayers, deposited to thicknesses of up to 50µm. 
Tench and White [29] and Menezes and Anderson [28] studied films in which the 
nickel layers were nine times the thickness of the copper layers. These films 
showed a maximum tensile strength as the copper layer thickness decreased to 
2 nm. The enhanced tensile strength of multilayers is usually attributed to the fine 
scale of the grain and interface structure observing a Hall-Petch type of relation. 
Higher tensile strength was observed in nickel-molybdenum layered structures as 
compared to the similar homogeneous films deposited with pulsed current [26]. 
Shan et al. [33] performed the microhardness evaluation on the Cu/Ni multilayer 
films by X-ray diffraction line profile analysis. Microhardness was calculated from 
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the dislocation data and the extrapolated values (Hvc) were in good agreement 
with calculated values (Hvc) to a load of 1 gf [33].  
2.4 Multilayering Effect on Mechanical Properties 
Multilayered composites exhibit extremely sensitive mechanical properties 
particularly when the individual layer thickness approaches atomic dimensions. 
Several theories have attempted to explain the bilayer thickness (λ) dependence 
of various mechanical properties in the multilayered materials. Menezes and 
Anderson electrodeposited ultrathin (9-2000 Å) multilayer foils with 10%Cu-
90%Ni and tested them for mechanical and transport properties. They found a 
maximum tensile strength 3 to 4.5 times greater than that for homogenous Ni and 
Cu foils at λ of 200Å, corresponding to the Cu layer thickness of 20Å [Fig 2.2]. An 
enhanced tensile strength was observed for the brass structure with layers below 
1 µm thick [26], which were attributed to the finer grain size.  
 
Fig 2.2. Ultimate Tensile Strength vs. wavelength (Cu + Ni layer) [28]. 
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Fig 2.3. Ultra microhardness vs. modulation wavelength [34]. 
Experimental results suggest that most multilayer systems such as Cu/Ni, 
Cu/Pd, Cu/Al, and TiN/VN have increased modulus and hardness [34]. Multilayer 
structures exhibit greater resistance to plastic deformation and fracture than the 
homogenous films [32]. Yang [34] proved the strengthening effect in the SiC-W 
multilayer films that had higher hardness values than the homogenously mixed 
film [Fig 2.3]. The increase in the hardness values was primarily due to the fact 
that each interface layer prevented the dislocation slip, like a grain boundary 
strengthening mechanism in a polycrystal.  
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CHAPTER 3. ELECTROCHEMICAL PROCESS DEVELOPMENT 
AND HULL CELL EXPERIMENTS 
 
The primary objective was to characterize and configure the FeNiCu 
electroplating solution and calculate the exact Invar plating range with 
appropriate current densities. Estimation of the characteristics of individual 
elements such as iron, nickel and copper in the solution were done by different 
electrochemical experiments.  
3.1 Introduction 
3.1.1 Basic Concepts 
The fundamental process in the electrochemistry is the transfer of 
electrons between the electrode surface and the molecules in the solution in 
contact with it. When a metal, M is immersed in an aqueous solution containing 
ions of that metal, Mz+, there will be an exchange of metal ions Mz+ between the 
metal and the solution until a dynamic equilibrium is reached [Fig 3.1]. At 
equilibrium, the same number of Mz+ ions will enter and leave the crystal lattice.        
 
 
 
 
 
 
 
 
Fig 3.1 Metal - solution interphase. 
n1 n2 
Metal 
Solution 
 29
The two types of reactions in an electrochemical process are given as,  
  Anodic process / Oxidation  
−+→ neMM z                           Eq 3.1 
Cathodic process / Reduction 
    MneM z →+ −                           Eq 3.2 
A potential difference, ∆φ (M, S), is developed between the potentials of the 
metal, φM, and the solution φS. 
    ∆φ (M, S) = φM - φS.     Eq 3.3 
The potential E of the Mz+/M electrode is a function of the activity of metal ions in 
the solution according to the Nernst equation 
)(ln0 ++= zMa
nF
RTEE                      Eq 3.4 
where, R is the gas constant (8.3144 J K-1 mol-1), T is the absolute temperature, n 
the number of electrons, F is the Faraday’s constant (96485 C mol-1), and (Mz+) is 
the activity of the Mz+ ions in the solution. When the activity of a Mz+ ion is equal 
to 1, then Eq 3.4 becomes:  
     0EE =                Eq 3.5 
which is the standard electrode potential of the Mz+/M electrode.  
When a current is passed through an electrode, its potential differs from the 
equilibrium potential [Erev]. If the applied potential at the electrode is E, then the 
overpotential (η) is defined as the difference between these two potentials.  
                                                  revEE −=η                                             Eq 3.6 
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For large positive values of overpotential, the current density, i, decreases 
exponentially with the overpotential η according to Equation 3.1. The current 
density, i, is given by  
                                            
( ) ηβ
RT
nF
eii
−−= 10                                          Eq 3.7 
Large negative values of overpotential yield current densities is given by  
                                            
ηβ
RT
nF
eii
−−= 0                                             Eq 3.8 
where, i0 is the exchange current density, and β is the transfer coefficient. When 
the overpotential becomes zero, there is a constant exchange of charge carriers 
(electrons or ions) across the metal-solution interphase.  
3.1.2 Faraday’s Law 
Faraday’s law states that the amount of substance oxidized or reduced is 
proportional to the quantity of electric charge, Q, passed through an 
electrochemical cell. If the mass of substance is m, then  
                                         ItnF
sMm =                                             Eq 3.9 
where M is the molecular weight of the metal deposited on the cathode, s is the 
stoichoimetric constant, n is the number of electrons involved in deposition 
reaction, I is the current passed in mA and t is the elapsed time in secs. 
According to Faraday’s law, the production of one gram equivalent of a product 
at the electrode in an electrochemical cell requires 96485 coulombs. And this 
constant is termed as Faraday’s constant, F. 
 31
3.1.3 Current Efficiency 
With two or more reactions occurring simultaneously at the cathode, the 
total charge passed corresponds to the sum of the individual charge equivalents 
of each reaction. The current efficiency ε (Fig 3.10) of a simultaneous reaction is 
defined as the ratio of number of coulombs required for that reaction, Qj, to the 
total number of coulombs passed, Qtotal. It may also be defined as the ratio of 
actual weight of metal deposited at the cathode, mact, to the theoretical weight of 
metal according to Faraday’s law, mtheo.  
                                          
theo
act
total
j
m
m
Q
Q ==ε                                      Eq 3.10 
 
 
 
 
 
 
 
 
 
 
 
Fig 3.2. Current-overpotential relationship showing different regions [35]. 
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3.1.4 Mass Transport Concepts 
At lower potential, the deposition at the cathode is kinetically controlled 
[Fig 3.2]. As the applied potential increases, the deposition falls under mass 
transport control and has a limiting or maximum current density. The rate of the 
deposition reaction is limited by the transport of Mz+ ions to the electrode surface. 
The surface concentration is less than the bulk concentration. The limiting current 
density is given by  
                                          
( )
δ
sbL CCD
nF
i −=                                      Eq 3.11 
where, D is the diffusion coefficient of the deposited metal, Cb is the bulk 
concentration of the metal ions in the solution, Cs is the surface concentration of 
the metal ions and δ is the diffusion layer thickness. The stirring speed increases 
the limiting current of the species. The limiting current plays a very important role 
in the alloy deposition, as it determines the type and quality of the metal deposit 
at the cathode. 
3.1.5 Electroplating Parameters for the FeNiCu Bath 
The FeNiCu bath was maintained at an optimum temperature of 40°C. For 
copper electroplating, the increase in temperature resulted in a higher 
conductivity and reduced anode and cathode polarization. The stirring speed and 
the current density were balanced in order to obtain deposits having the desired 
properties and composition. According to the Eisenberg relation, the stirring 
speed is directly proportional to the boundary layer thickness to be plated. 
Optimum rotation speed should be maintained to allow the ions in the solution to 
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diffuse into the deep recesses. The limiting current density of copper increased 
with agitation. The plating bath had to be filtered in order to remove the dirt and 
other impurities in the solution. Constant and continuous filtering was used during 
the plating. Maintaining the correct pH is important in obtaining a better current 
efficiency and also increasing the plating bath efficiency. The higher the pH, the 
more efficient the bath. The FeNiCu electroplating bath was maintained at a pH 
of 2.0. 
3.2 Configuring the FeNiCu Electrolyte 
This section includes the experimental explanation and testing procedures 
on Hull Cell setup. It also provides the polarization experiments and impedance 
analysis on the solution. A detailed description of the current density calculations 
for the near Invar and copper plating range is presented. 
3.2.1 Hull Cell: Experimental Setup 
An Eco Chemie rotating Hull cell (Brinkmann Instruments, Westbury, NY) 
was used to analyze and configure the plating bath solutions [Fig 3.3]. It provided 
a variable current distribution along the length of the electrode and also allows 
the variation in the physical appearance of the plated electrode, over a wide 
range of current densities. The plating experiments were performed under 
controlled hydrodynamic conditions which made possible the determination of the 
variations in the mass transport control. Compositional analysis was performed 
on the samples that were plated in the rotating Hull cell. Influence of bath 
components at different concentrations was analyzed. The experimental time 
was decreased giving more time for further analysis of the sample. 
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Fig 3.3. Rotating Hull Cell apparatus. 
A rotating cylinder electrode (brass rod) acted as the cathode and a platinized 
titanium mesh as the counter electrode [Fig 3.4]. In between the cylinder 
electrode and the counter electrode, there was an insulating separator that 
controlled the distribution of current along the length of the rod. This separator 
had an opening only at the bottom. Solution flowed only through this opening 
which meant that the current density on the surface of the cathode was highest at 
the bottom, and gradually decreased towards the top of the rod. Copper was 
plated at low currents, and was seen at the top portion of the brass rod, while 
NiFe was plated at higher currents very near to anode. Table 3.1 summarizes the 
functions of various components in the rotating Hull cell. 
 
Electrolyte container with 
FeNiCu solution 
Rotating Hull cell 
device Rotahull 
controller Polymer shield  
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Fig 3.4. Assembled view of brass rod with counter electrode. 
 
Table 3.1. Functionalities of different hull cell components 
Part # Part name Function 
1 Electric supply/control unit Monitors the right proportion of current 
to be passed, and delivers the power to 
the driving unit for the set speed of 
rotation  
2 Driving unit with holder Holds the electrode (cathode) and 
rotates with a desired speed. 
3 Polymer Mask Insulating separator that determines the 
current distribution 
4 Electrolyte container This can hold around 400mL of FeNiCu 
electrolyte in a glass container. 
5 Platinized titanium mesh Acts as anode 
6 Electrode end pieces Insulating Teflon plugs that prevent 
unwanted regions from plating [Fig 3.4]. 
7 Cylinder electrodes (brass) Acts as cathode 
 
 
Anode connection port 
Electrode holder 
Polymer mask 
Thin connecting rod 
Brass rod (cathode) 
Pt-titanium mesh (anode) 
Teflon plug  
Open spaces  
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3.2.1.1 Experimental Description 
The recipe for the FeNiCu plating solution was adapted from the 
previously tested bath [Table 3.2]. The goals were to carry out electroplating 
using previously designed bath, study the effects of changes in concentration, 
test and modify the plating parameters, and configure a new plating bath. The 
electrolyte container with the plating solution was heated to 40°C in a water bath 
[Precision Scientific, San Jose, CA 95134] as shown in Fig 3.5. The temperature 
was maintained constant (+2°C) through the experiment. The pH of the 
electrolyte was maintained at 2. The speed of rotation and magnitude of current 
passed was given through the Rotahull controller. An arbitrary speed of  
 
 
    
 
Fig 3.5. Rotating Hull Cell experimental setup. 
Temperature set at 40°C 
Hull Cell 
Water 
 bath 
Control unit
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Table 3.2. Recipe for old NiFeCu plating bath [8] 
Electrolyte constituents Composition, M 
Nickel(II) Sulfamate tetrahydrate 0.72 
Ferrous Sulfate 0.155 
Copper Sulfate 0.01 
Sodium Lauryl Sulfate 0.001 
Boric Acid 0.5 
Ascorbic Acid 0.0011 
Sodium Saccharin 0.008 
 
200 rpm and a current of 1A were given for 5 minutes. The brass cylinder 
electrode was then taken out of the plating solution and cleaned with DI water for 
further analysis.   
3.2.1.2 Physical Appearance of the Plated Samples 
Visual examination of the plated sample from the lower current range to 
the higher current region, revealed a light reddish color copper deposit at the top 
portion, followed by a black deposit around the middle portion, a shiny metal 
deposit below the middle part, and very rough deposit at the higher currents on 
the lower portion of the brass rod. The Invar range was a very narrow area in the 
shiny deposit. Due to the stresses in the deposit, the shiny area in the deposits 
peeled off of the brass rod. Visual inspection of the Invar range (shiny area) 
showed cracks due to internal stresses. 
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3.2.2 Composition Analysis 
The Iron to nickel composition ratio was determined along the length of 
the brass electrode. X-ray Fluorescence (EDXRF, Kevex Omicron, Atlanta, GA) 
was used to estimate the individual elemental compositions of nickel, iron, and 
copper on the plated brass sample [Fig 3.6]. The sample was mounted 
horizontally on the mounting stage, in order to constrain its movement to only 
one direction. Displacement of the plated brass rod along with the stage was only 
in the x-direction. The stage, along with the sample, was moved with the help of 
a joystick, and the initial and final co-ordinates were fixed before the analysis. 
The total analyzable length was divided into 30 equidistant points, and the 
average composition of each individual element was recorded. 
 
 
Fig 3.6. X-ray fluorescence equipment. 
Lid 
Sample 
mounting stage 
Beam 
Location 
Detector 
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A narrow region in the shiny deposit had a composition near to that of Invar, with 
iron/nickel ratio around 1.755. However, the Invar range also had a significant 
amount of copper that was undesirable. Consequently, the following changes 
were made to reconfigure the plating solution. 
• The concentration of copper in the solution was reduced to 0.005M. 
• The concentration of sodium saccharin was increased by 1/3rd of the original 
amount to 0.0106M. The final concentrations of the FeNiCu electrolyte are 
summarized in Table 3.3. The addition of saccharin was to counter the 
effects of the internal stresses and cracking in the metal deposit. 
3.2.3 Adjusting the pH of the Electrolyte 
The efficiency of the plating bath increased with an increase in the pH. 
Experiments were done with the FeNiCu electrolyte to increase its pH to a higher 
value. NaOH crystals were mixed in a small quantity of deionized water and less 
than 1 mL in volume was added to the electrolyte. The plating solution was kept  
Table 3.3. Chemical composition of FeNiCu bath. 
Electrolyte constituents Composition, M 
Nickel (II) sulfamate 0.72 
Ferrous sulfate 0.155 
Copper Sulfate 0.005 
Boric Acid 0.5 
Sodium lauryl sulfate 0.001 
Ascorbic acid 0.011 
Sodium saccharin 0.0106 
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under constant stirring to avoid the formation of reddish-brown, ferrous hydroxide 
precipitates. The pH of the bath increased to 3. It only remained at higher value 
for a small time, before dropping back to 2. The pH of the solution attained the 
equilibrium at a value of 2. 
3.3 Determination of the Invar Plating Range 
This section describes the procedure used in calculating the range of 
current densities corresponding to the Invar composition. This included the 
estimation of partial current densities using Faraday’s law, polarization currents, 
and the total current densities at all the points along the length of the cylinder 
electrode.  
3.3.1 Cobalt Plating on Brass Rod 
3.3.1.1 Need for Cobalt Plating 
Brass, used as the substrate in the rotating Hull cell experiment is an alloy 
of zinc and copper. The brass would show more copper in the deposit in the X-
ray fluorescence readings. The presence of copper in the substrate was not 
advisable as it may create duplicate/incorrect readings in the EDXRF, and hence 
cannot be used as the plating base. Cobalt was chosen as an alternating plating 
base that served the required purpose. It was evenly electroplated along the 
analyzable length of the brass rod, and was used in the rotating Hull Cell.  
3.3.1.2 Recipe for Cobalt Plating 
Table 3.3 provides the concentration of different chemicals used in the 
cobalt bath. The solution was mixed well for maximum dissolution. The brass rod 
acted as the cathode and a platinum mesh was used an anode. Platinum is a  
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Table 3.4. Chemical composition of Cobalt plating bath 
Electrolyte used Concentration, M 
Cobalt sulfate heptahydrate 0.5 
Boric Acid 0.543 
Triton X-100 0.4g/L 
 
more noble metal, and does not react in the solution. For maximum efficiency, 
the current density used for cobalt plating was 50 mA/cm². The pH of the solution 
was maintained at 2.0. Fig 3.7 shows the setup for cobalt plating on brass 
sample. 
3.3.2 Hull Cell Experiments on Modified FeNiCu Solution 
Before using the cobalt-plated rod in the Hull Cell, it was checked for the 
elemental copper using EDXRF, to be sure that the brass rod was completely 
plated with cobalt. The EDXRF spectrum showed only a cobalt peak at all the 
points along its length. 
 
Fig 3.7 Cobalt plating setup. 
Brass sample 
(cathode) 
Platinum wire 
(anode) 
Cobalt plating 
solution 
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The goal of the experiments was to obtain the partial current densities of 
Ni, Fe, and Cu corresponding to a defined boundary layer thickness at a given 
rotation speed. It was also required to calculate the polarization curves for Ni, Fe 
and Cu at three different speeds. Electroplating was carried out on the samples 
in a similar manner as explained in the Section 3.2.1.1. The experiment was 
done using three different samples, which were run at 150, 400 and 650 rpm 
respectively, to obtain the polarization curves for nickel, iron and copper in the 
solution. The rotational speed of 150rpm was expected to correspond as to the 
boundary layer thickness 100µm. This was estimated using Eisenberg’s empirical 
relation [Equation 3.12]. 
       7.0356.0344.04.062.99 −−= SDd νδ                       Eq 3.12 
where, the variables are described in Table 3.4. 
Substituting all of the values, the stirring speed, S, for a diffusion layer thickness 
of 100µm was 150rpm.  
3.3.2.1 Comparing With the Hull Cell Model 
The Hull Cell model [Fig 3.8] had a cylindrical grooved section into which the 
plated brass sample was inserted. It had a scale in ascending order from top to 
Table 3.5. Parameter in the Eisenberg Equation 
Parameter Value (units) 
Boundary layer thickness, δ 100 (µm) 
Diameter of the brass rod, d 0.59 (cm) 
Solution viscosity, v 0.01 (cm²/sec) 
Diffusion co-efficient, D 5Х10-6cm²/sec 
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the bottom that represented the ratio of currents which is defined in Equation 
3.13.  
              
CellHulltheofcurrentAverage
currentActual
i
i
avg
=                               Eq 3.13 
The average current density of the Hull cell occurs when the ratio of actual 
current to average current equals unity. For an actual applied current of 1 A, and 
a plating area of the cylinder cathode 15 cm², the current density of the Hull cell 
becomes 66.66 mA/cm². Current densities at other points on the cylinder were 
calculated in a similar fashion as summarized in Table 3.5. The distances were 
measured from the top, along the length of the cylinder. They show a schematic 
with a coordinate system. The calibration curve for the Hull Cell model is shown 
in Figure 3.9. 
 
 
 
Fig 3.8. Representation of a Hull Cell model. 
 
Lower current 
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Table 3.6. Characterizing the Hull Cell model 
Distances 
(cm) 
Current densities 
(mA/cm²) 
0 7.33 
1.19 10 
1.82 13.33 
2.57 20 
3.624 33.33 
4.27 50 
4.854 66.66 
5.6 100 
6.1 133.33 
6.55 166.66 
6.91 166.66 
 
 
 
Fig 3.9. Calibration curve for the Hull Cell model. 
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3.3.2.2 XRF Measurements 
Electroplated cylinder electrodes were analyzed for elemental composition 
in a similar way as described in Section 3.2.2. The analyzable length was divided 
into an equal number of elements and measurements were made at each point 
on the electrode. The output Excel file [Kevex Software, Atlanta, GA] contained 
information on percentage composition, thickness of the deposit, and distances 
from the starting/reference point. Invar, with an iron to nickel ratio of 1.77, was 
found in a narrow range between the 17th and 19th points from the lower current 
density range [Appendix G]. 
3.3.3 Calculation of Partial Current Densities 
Estimation of the partial current densities of nickel, iron and copper 
required evaluation of several parameters. The volume percentages of Ni, Fe 
and Cu was calculated by using equation 3.14  
                                            ∑
=






=
3
1
%
i i
i
Comp
Comp
Vol
ρ
ρ
                                    Eq 3.14 
In Eq.3.14, Comp refers to the percentage composition of individual Ni, Fe or Cu 
species that are indicated as i, ρ indicates the density of the Ni, Fe or Cu.  
• The mass of the Ni, Fe and Cu deposited at each point along the length of the 
rotahull electrode was determined with Eq 3.15, using the volume percentage 
as an input 
                                             10000
% ρ×∆××= AVolm                                 Eq 3.15 
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parameters required were, m, the mass of deposited metal in grams, A is the 
circumferential area of the cylinder electrode, 15cm², the density of the metal is 
represented by ρ, and the thickness of the metal deposited is given as ∆.  
• The partial current densities of Ni, Fe and Cu were estimated by using 
Equation 3.16. 
                        tM
Volni
W
d ×
×∆××××= ρ%964850001.0                     Eq 3.16 
Equation 3.16 was derived from the Faraday’s law. In the equation, n is the 
number of electrons being 2, Mw is the molecular weight of the components in the 
solution, and t is the deposition time in seconds.  
3.4 Polarization and Electrochemical Impedance Spectroscopy 
3.4.1 Basic Concepts 
A polarization curve is the measured curve of potential versus current density 
(or log current density) for a bath. The polarization of reactions is a simple theory 
which describes the change in the current of individual reactions with respect to the 
potential.  Metallic surfaces can be polarised by the application of external voltage or 
by the spontaneous production of a voltage away from the equilibrium. This deviation 
from the equilibrium potential is called polarization. Changing the potential towards 
the positive direction accelerates the anodic process, and cathodic processes are 
activated by moving the potential in the negative direction. In any electrochemical 
cell, polarization arises as a result of current flowing across a metal-solution interface, 
consisting of three distinct types. 
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The Activation Overpotential (ηact) is a complex function, which is prevalent at 
small polarization currents or voltages. It describes the charge transfer kinetics of the 
electrochemical process. The Concentration Overpotential (ηconc) refers to the mass 
transport limitations associated with the electrochemical process. This function is 
predominant at large polarization currents and voltages. Lastly, the Resistance 
Polarization (iR) is the resistance offered by the solution that gives rise to a potential 
difference between anodic and cathodic sites. It occurs when a current passes 
through a high resistance electrolyte or through any other interface such as surface 
film, connectors. It is generally called as ohmic drop.   
Electrochemical impedance is measured by applying an AC potential to an 
electrochemical cell and measuring the current through the cell. In this case, the 
potential is viewed as a sinusoidal excitation, and the current signal can be analyzed 
as a sum of sinusoidal functions. The excitation signal can be expressed as a 
function of time, as  
              ( )tjEEt ωexp0=  , where ω= 2πf                                 Eq 3.17 
The response signal, It has a magnitude of I0, and is shifted in phase (φ) 
                                         ( )φω += tjII t exp0                                               Eq 3.18 
The impedance of the system is given as  
        ( ) ( )( ) ( ) ( )φφφφω
ωω sincosexp
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00
0
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t
t +==+==       Eq 3.19 
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The impedance has a real part and an imaginary part. A Nyquist plot can be obtained 
by plotting the real part along abscissa and the imaginary part along ordinate (Fig 
3.10). The solution resistance is the point on the graph, where the curve meets the 
real axis. The lowest frequency starts on the positive real axis and the frequency 
increases towards the origin [Fig 3.10].    
3.4.2 Polarization Experimental Setup  
The brass cylinder used in the Hull cell experiments was also used as the 
electrode for polarization and electrochemical impedance spectroscopy (EIS) 
analysis as shown in the Figure 3.11. One end of the electrode was screwed into the 
rotating part. The electrode was spun at a given speed as specified by the controller 
[Pine Instrument Company, MSRX Speed Control, Grove city, PA]. On the other end 
of the electrode, a small area along its circumference was exposed for the 
polarization study. The unexposed area was covered with black tape for insulation. 
 
Fig 3.10. Nyquist plot with Impedance vector. 
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Figure 3.11(a) and (b) shows the arrangement of the exploded and the enclosed 
views of the rotating electrode. The different connections with complete details 
are given in Figure 3.12. A flat bottom flask containing an optimum volume of the 
FeNiCu electrolyte was immersed in a water bath, which was maintained at a 
temperature of 40°C. Platinized titanium mesh was used as an anode, and the 
brass rod as a cathode. In order to maintain a uniform current distribution around 
the electrode, the mesh had to surround the cylindrical rod. A standard calomel 
electrode was used as a reference electrode [Fig 3.12]. Care was taken to place 
reference electrode around 1-2 cm distance to the brass rod in order to minimize 
the ohmic drop between the two in the solution. The anode and cathode 
connections were made using alligator cables to the voltage converter unit [BAS-
Zahner IM6e, W.Lafayette, IN]. The exposed area of the brass rod was 
completely immersed in the solution. The experimental setup was interfaced with 
the computer using software [IM6, W.Lafayette, IN].  
 
                              
  
       
Fig 3.11. Rotating cylinder electrode setup. 
(a) Exploded view. (b) Enclosed view. 
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Fig 3.12. Polarization and EIS setup. 
Three different sets of experiments were done at 150, 400 and 650rpm. Initially, 
no current was passed through the circuit for a certain length of time and the 
electrode was rotated at 150 rpm for around 5 minutes. The standard electrode 
potential, Eocp, was figured out using the software before the start of the 
recording phase. The current range used was from -1A to 1A. The slew rate for 
the linear sweep voltammetry was 2mV/sec. The final results for the three 
different speeds were obtained as a data file in text format. The impedance 
(ohmic resistance) of the solution was obtained through EIS analysis on the 
solution. 
3.5 Results 
3.5.1 % Weight Compositions of Fe, Ni and Cu  
Different points on the plated electrode were analyzed on EDXRF. Figure 
3.13 shows the percentage weight compositions of nickel, iron and copper at 
different positions along the length of the brass electrode. The copper 
concentration was highest at the starting point of the electrode, which was also 
the lower current range of the electrode. The composition of copper decreased 
Water bath 
Cathode 
connection 
FeNiCu 
electrolyte 
Anode 
connection 
Reference  
electrode 
Clamp 
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along the length of the cylinder electrode. In contrast, the iron content in the 
deposit increased up to 5 cm length and decreased toward the bottom of the 
electrode. The nickel and iron composition curves in Figure 3.13 formed mirror 
images. The nickel concentration remains high except in a short range between 
3-6cm lengths on the electroplated brass sample. Near Invar composition was in 
the narrow range in between 4-5cm on the brass rod. The length scale was 
transposed into an estimated local current density scale by assuming a primary 
current distribution provided by the manufacturer, in the form of a Hull Cell 
model. 
 
Fig 3.13. EDXRF weight percentage composition measurements of Fe, Ni  
                and Cu at 150 rpm. 
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3.5.2 Polarization Curves  
Figure 3.14 (a) shows the polarization curves of copper at 150, 400 and 
650 rpm. The curve that represents rotation at 150 rpm remains relatively flat at 
the bottom. With the increase in the rotation speed, the curves increase 
accordingly. This phenomenon explains the mass-transport behavior of the 
copper in the solution. The Cu partial current density was invariant with applied 
potential (or current), indicative of mass transport control, as expected since the 
Cu(II) concentration was low in the electrolyte compared to the other iron-group 
element. The concentration of copper in the solution was low and 
electrodeposition was done at very low current densities between 0.5-1 mA/cm². 
The figures 3.14(b) and (c) show the nickel and iron polarization curves for 
different rotation speeds. The ohmic drop was obtained from the impedance 
 
Fig 3.14 (a). Copper polarization curves at different speeds. 
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Fig 3.14 (b). Nickel polarization curves at different speeds. 
study, and the potential has been corrected. The Fe-Ni alloy was electroplated in 
the kinetically controlled region. Limiting currents for nickel and iron were not 
seen in the polarization curves. Figure 3.15 shows the polarization curves for 
nickel, iron and copper at 150rpm. The calculated total current is also plotted in 
comparison to the individual species. The current efficiency of the electroplating 
bath at a rotation rate of 150rpm is the ratio of the sum of all the partial current 
densities of nickel, iron and copper to the total current density. It is usually 
expressed as a percentage. The plot of current efficiency as a function of the 
total current density is given in Fig 3.16. The bath was 50% efficient for current 
densities between 10 - 20mA/cm², and increased monotonically for higher 
currents. Figure 3.17 provides information on the side reaction currents (iside) in 
the bath recorded at 150 rpm. 
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Fig 3.14 (c). Iron polarization curves at different speeds. 
 
Fig 3.15. Partial current densities for Ni, Fe and Cu.  
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Fig 3.16. Current efficiency of FeNi-Cu electrodeposition at 150rpm. 
 
Fig 3.17. Partial current densities for side reactions 
              in FeNiCu electroplating bath at 150rpm. 
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3.6 Conclusions 
Characterization of FeNiCu electrolyte was done with optimizing the 
chemical composition of individual elements. Polarization experimental results 
provided the behavior of nickel, iron and copper at 150, 400 and 650rpm. The 
resultant partial current densities were determined by linear sweep voltametry at 
a sweep rate of 2mV/sec in the rotating disc electrode experiment.  It provided a 
means to estimate the current to be passed to get copper and near Invar in the 
micro-recesses. The side reaction and the bath current efficiency were estimated 
by EDXRF measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 57
CHAPTER 4: MICROFABRICATION OF MULTILAYER SAMPLES 
 The goal was to microfabricate the multilayer microposts on the copper 
sputtered ceramic substrate. The aim of the project was to estimate the 
parameters such as plating rate, X-ray dose on the sample, and various design 
constraints for the electroplating jig in the electrodeposition process.   
4.1 Introduction to LIGA 
The term LIGA originates from the German expression for the major steps 
involved in the high aspect ratio microfabrication technique (Lithographie, 
Galvanoformung, and Abformung), which signify Lithography, Electroforming and 
Molding. The process involves the use of high intensity, small beam divergence, 
and short wavelength radiation to transfer a pattern onto a radiation sensitive 
resist. The source of this radiation can be laser, electron or ion beam, ultraviolet, 
or X-rays. 
Fabrication of an X-ray mask is an initial step in LIGA. The stencil used to 
repeatedly generate a desired pattern on resist-coated wafers is called a mask 
[36]. It consists of a transparent membrane and an absorber pattern. The mask 
membrane is designed to be highly transmissible to X-rays, withstand multiple 
exposures, and support the absorber. The membrane is usually made of low-
atomic weight material like kapton or graphite [37]. The absorber possesses a 
high atomic number. An X-ray sensitive polymer (resist) is bonded on to an 
electrically conductive base substrate or mold insert. Two different types of resist 
can be used, a positive resist or a negative resist. Upon radiation, the polymer 
chains in the positive resists break, while chains in the negative resist crosslink. 
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The 2-D absorber pattern is projected onto the resist by passing radiation 
through the mask. A latent image or pattern is transferred into the resist during 
irradiation. The exposed or unexposed portion of the resist is removed by a 
chemical dissolution process known as development. Electrodeposition 
(Electroforming) is used to get a 3-D metallic structure by filling the vacant sites 
of the resist with a metal or an alloy. Lapping and polishing are done on the 
electroplated mold insert to remove any overplated metallic structures and to 
obtain a smooth, shiny surface. The resist surrounding the electroplated metal is 
removed by exposing the whole substrate directly to X-rays and rinsing with a 
chemical developer [Fig 4.1]. The final structure is ready for injection molding or 
embossing, or direct use depending on the application. 
 
         
 
        
 
Fig 4.1. Stages in LIGA. a) Pretreated substrate. b) Copper sputtered on  
             ceramic substrate. c) X-ray exposure setup. d) Exposed sample.  
             e) PMMA development process. f) Electroplated micro-structures on  
             the substrate. 
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4.2 X-ray Mask and Pattern Details 
4.2.1   Pattern Details 
 The pattern [Fig 4.2] for the X-ray mask for this project was designed by 
Palaparti [8], and is composed of a 130 X 130 grid of circles with a uniform 
diameter of 100 µm and uniform center-to-center spacing of 300µm. A standard 5 
inch chrome on borosilicate glass was written with the pattern. 
4.2.2 X-ray Mask Fabrication 
A uniform post X-ray mask [Fig 4.3] was used in the microfabrication of 
the multilayer microposts. Graphite with a thickness of 150µm was used as the 
membrane for the X-ray mask. A negative photo resist, SU-8 [MicroChem Corp., 
Newton, MA] was used in the UV-LIGA process for the pattern transfer from 
 
                                        
 
All dimensions in micrometers 
Fig 4.2. Uniform diameter micropost pattern. 
38700 
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Fig 4.3. X-ray mask with uniform post pattern. 
the optical mask [8]. The thickness of the SU-8 resist on the X-ray mask was 50 
µm. The UV-LIGA patterns in the photoresists of the X-ray mask were 
electroplated with gold, because gold acts as a good absorber of radiation, and is 
more compatible with the UV lithographic patterning process [8]. 
4.3 Substrate Preparation 
4.3.1 Pretreatment of Ceramic Substrates 
Ceramic (96% Al2O3) disks from LPT (Laser Processing Technology, 
Portland, OR) were used as the substrate for multilayer microfabrication. The 
ceramic wafers were 4” in diameter and 1 mm thick. Pretreatment of the ceramic 
substrates was done at CAMD. A multistep procedure for cleaning ceramic disks 
was used. 
Initially, the ceramic disks were soaked in trichloro ethylene (Sigma-
Aldrich Cheme Gmbh) for 1 hour. Acoustic agitation was carried out on the disks 
by soaking them in acetone, in an ultrasonic bath [Cole Parmer, Vernon Hills, IL] 
for 30minutes. This was done to remove any minute dust particles from the 
surface of the ceramic substrate. The disks were rinsed with acetone, isopropyl 
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alcohol (IPA) and DI water in that order, and completely dried with Nitrogen gas. 
Lastly, the ceramic substrates were baked in a convection oven (M326 
Mechanical Convection Oven) at a temperature of 150°C for 1 hour. The cleaned 
substrates were collected in a 125mm H22 series wafer holder 
[www.wafercare.com]. All the cleaning steps were carried out in the Class 100 
cleanroom at CAMD. 
4.3.2 Seed Layer Deposition 
One side of the ceramic disk was made electrically conductive by 
depositing copper on the surface. Copper was chosen as the seed material 
because of its low resistivity and very high conductance. Initially, a 500Å titanium 
layer was evaporated (Temescal BJD-1800 E-Beam Deposition System) on to a 
cleaned ceramic disk in order to provide good adhesion to the copper seed layer. 
A 3000Å thick copper layer was evaporated on to the titanium, which formed the 
seed layer for electrodeposition [Fig 4.4]. 
4.4 Application of Photo Resist 
PMMA was a suitable resist material for this project, as it offers a high 
resolution and the microstructures from PMMA exhibit no swelling during the  
                 
Fig 4.4. Copper evaporated on the ceramic disks. 
Copper evaporated 
on ceramic substrate 
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development process. Vistacryl® ICQ® grade PMMA (Vista Optics Ltd., 
Stockport, United Kingdom) was used as the positive X-ray photoresist in 
microfabrication of the multilayer samples. The PMMA sheets were cut into a 
number of smaller circular disks of approximately 3.5” in diameter with the help of 
a 12 inch band saw (Sears Craftsman, Baton Rouge, LA). 
4.4.1 Annealing of PMMA 
Before the application of PMMA to the ceramic substrate the PMMA resist 
was annealed. This was done to relieve the internal stresses and prevent the 
polymer from stress cracking after bonding to the substrate. Initially, the PMMA 
was cleaned with nitrogen gas to remove any external dust particles. The wafers 
were baked in a convection oven (M326 Mechanical Convection Oven) at a 
temperature of 80°C. The baking time was directly proportional to the thickness 
of PMMA used. For 1 mm thick PMMA, the baking time would be around 1 hour 
[42]. The thickness of the PMMA used in the experiment was 3 mm, and the 
bake time was fixed at 3 hours. The oven was turned off after the desired time, 
and the PMMA was allowed to cool down to room temperature overnight. 
4.4.2 PMMA Bonding 
A PMMA bonding solution was prepared to bond the PMMA on the 
ceramic substrate. The constituents [Table 4.1] of the solution were mixed in 250 
ml bottle for a period of 24 hours. Mixing was done at 120 rpm with a magnetic 
spin bar (Fisher Scientific Worldwide, Pittsburgh, PA) on a Corning® 
hotplate/stirrer (Corning, NY) at a temperature range between 35 - 40°C. After 
complete mixing was finished, the bonding solution was sealed in the bottle and  
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Table 4.1. Composition of PMMA bonding solution 
Component  % Weight 
Methyl Methacrylate; MMA (Sigma Aldrich Cheme, St. Louis, MO) 84 
Poly (methyl methacrylate); PMMA (Sigma Aldrich Cheme) 13.5 
Benzoyl Peroxide; BPO (Sigma Aldrich Cheme) 1.5 
3-Methacryloxypropyltrimethoxysilane; MEMO (Alfa Aesar®, Ward 
Hill, MA) 
1 
 
refrigerated to avoid the evaporation of volatile components. A 6 gram of bonding 
solution was taken in a smaller bottle. The chemical N, N-Dimethyl Aniline 
(Sigma-Aldrich Cheme, St. Louis, MO) was added in the ratio of 1/100 by weight 
to the mixture in the bottle and the constituents were mixed and then brought to a 
low pressure (60mm Hg) by a vacuum pump (Vacuubrand Inc., Cedar Grove, NJ) 
to obtain a homogeneous viscous liquid without bubbles. The mixture was used 
within seven minutes of its preparation to avoid solidification.  
 
Fig 4.5. Polyester tape on the conductive ceramic base. 
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A polyester tape (Harman Corporation ®, Rochester, MI) was fixed at the edges 
of a ceramic substrate with evaporated copper [Fig 4.5], to prevent the contact of 
bonding solution with the outer edges of the substrate. Around 3 ml of the PMMA 
bonding solution was poured on the substrate. A clean annealed PMMA disk was 
placed on the bonding solution and pressed to eliminate all the trapped air. The 
assembly was placed in a pneumatic press [Fig 4.6] at a uniform pressure of 20 
psi for 10 hours. The extra glue on the masking tape was removed with the help 
of a grinding wheel. 
4.5 Fly-cutting 
Fly-cutting was done to reduce the thickness of the bonded PMMA on the 
ceramic substrate from 3mm to the desired level (100µm). A diamond-tipped tool 
bit (N200 LJ®, Contour Fine Tooling Inc., New Hampshire) with a radius of 5.08 
mm and a cutting height of 8.91 mm was used to fly-cut the PMMA photo resist 
to the required thickness. The substrate was held on the flat base of an Optimum 
120 (Precitech Inc., Keene, NH) fly-cutting machine with a vacuum. 
 
 
 
 
 
 
                                
  Fig 4.6. Pneumatic press used in PMMA bonding. 
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A digital depth indicator (Heidenhain Corporation, Schaumburg, IL) connected to 
the machine measured the displacement of the spindle that corresponded to the 
depth of the cut. The edge of the tool was put in contact with the top surface of 
the resist, and the indication was set to zero. A constant feed rate was 
maintained at 0.8 inch/min and the depth of cut was 100 µm, with the spindle 
speed at 1500 rpm. After each pass, the spindle was raised to 80 µm to avoid 
any damage to the fly-cutting tool bit. A Digimicro® ME 50 HA (Nikon Inc., 
Melville, NY) digital height gauge was used at regular intervals in monitoring the 
depth of cut. The PMMA was flycut to a thickness of 100 µm with a tolerance 
±10µm. 
4.6 X-ray Exposure and Development 
4.6.1 X-ray Exposure 
The XRLM3 beam line at CAMD was used as an X-ray source for 
microfabrication of the multilayer microstructures. The X-ray exposure dose 
depends on many parameters, including the area of the exposure, thickness of 
the resist, characteristics of the X-ray mask, top to bottom dose ratio, input 
energy in KJ/cm³ and molecular weight of the resist used. Using PMMA as an X-
ray resist material a minimum dose of 4kJ/cm³ was chosen as the bottom dose 
that corresponded to the dose energy that reached the bottom of the micro-
recess. This was chosen to insure a complete development of exposed resist. 
Calculation of the dose was necessary to deposit the optimum energy for 
complete dissolution of the resist material during the development process. The 
X-ray exposure dose calculations [Appendix A] for all of the samples were made 
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using DoseSim (Institute for Microstructure Technology, Karlsruhe Research 
Center, Karlsruhe, Germany), a MSWindows® simulation tool for synchrotron X-
ray exposure and subsequent development.  
For convenience, reference marks were made on the back of the X-ray 
mask for easy alignment with the sample. The mask and the substrate with the 
resist were mounted in parallel at a distance of approximately 0.5mm in the 
lithography station [Fig 4.7]. Their surfaces were perpendicular to the synchrotron 
light beam to avoid oblique irradiation in the normal lithographic process [37]. 
More than 30 samples were exposed in this research project for characterization 
and optimization of the multilayer microstructures both at the microscale and 
nanoscale level.  
 
 
Fig 4.7. X-ray Exposure setup. 
 67
4.6.2 PMMA Development 
The X-ray exposed PMMA resist was removed by immersion of the 
sample into four separate developing solutions or baths, namely GG Developer, 
GG rinse, and GG (final) rinse and DI water. The composition of each of the 
solutions used in the PMMA development process is summarized in Table 4.2. 
Six liters of each solution were mixed in eight liter Teflon rectangular tanks 
[Nalge Nunc International, Rochester, NY] and used in order for developing. The 
number of developing cycles was directly proportional to the thickness of the 
resist on the substrate. For a resist thickness of 100 µm, three development 
cycles were used. A sample with exposed photoresist was immersed in the 
individual tanks for 20 minutes in the GG developer followed by 40 minutes in the 
GG rinse.  
Table 4.2. Compositions of PMMA developing and rinsing solution 
Name of the 
developer 
Components (company) Volume (%) 
2-(2-Butoxyethoxy) ethanol / Diethylene glycol butyl 
ether(Sigma-Aldrich Cheme Gmbh) 
60 
Morpholine (Alfa Aesar ®) 20 
Ethanolamine/2-aminoethanol (Alfa Aesar ®) 
 
5 
 
 
 
GG  
Developer 
DI Water 15 
Di(ethylene glycol) butyl ether /2-(2-Butoxyethoxy) 
ethanol (Sigma-Aldrich Cheme Gmbh) 
 
80 GG Rinse  
&  
GG (final) 
Rinse DI Water 20 
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The copper contact on the substrate was covered with polyester tape (Harman 
Corporation ®, Rochester, MI) to avoid contact with GG developer. In the last 
cycle, the sample was immersed in GG final rinse for an hour and finally into the 
DI water for 8 hours to rinse off all of the developer. 
4.7 Electroplating FeNi-Cu Multilayers in Recesses 
This section includes the details on the need for designing an 
electroplating jig and the necessary plating parameters involved in electroplating 
alternate nanolayers of Invar-like alloy and copper in the micro recesses. The 
strategies employed along with the pulse plating scheme are also discussed.  
4.7.1 Electroplating Jig Design 
An electroplating jig was designed to perform multilayer plating on 
different ceramic samples containing the developed X-ray resist pattern. The 
most important aspect in the process of electroplating was to maintain the proper 
current density and control the composition of the alloy being plated. It was 
necessary to build an electroplating jig that could prevent the contact of plating 
solution with the conductive parts of the substrate that were not to be plated. 
4.7.1.1 Experiments Without an Electroplating Jig 
Initial experiments provided an insight on technical difficulties and 
experimental limitations in the course of plating. Initially, the ceramic substrates 
with X-ray developed resist were bonded to a glass plate with the help of 
masking tape [Fig 4.8]. Electrical contact was made with an insulated flexible  
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     Fig 4.8. Ceramic substrate taped to a glass substrate. 
copper wire, which was also taped to the substrate. Aquarium silicone gel sealant 
(DAP Inc., Baltimore, MD) was applied around the area of contact to avoid any 
leakage of the solution around the copper wire. The plating was started after all 
the sealant was completely dry.  
4.7.1.2 Problems Encountered  
The major problem with the glass plate setup was the inability to maintain 
the correct current density at the cathode. The plating solution was maintained at 
40°C and the silicone gel failed to act as an effective sealant after 5-6 hours in 
the solution. Due to the high solution temperature the adhesion between the gel 
and the masking tape also failed, causing the plating solution to leak into the 
electrical contact and change the overall current density at the cathode. The 
actual current at the cathode was less than the applied current. Black, 
nonmetallic deposits were found at the cathode due to the change in the current 
density. 
Glass 
plate 
Ceramic  
sample 
Silicon 
gel 
 70
4.7.1.3 Electroplating Jig 
The primary design of the plating jig [Appendix B] was borrowed from 
Dawit Yemane at CAMD. This design was later modified to suit the sample 
requirements along with plating constraints. A 1”Х12”Х12” size polysulphone 
sheet (McMaster-Carr®, Atlanta, GA) was chosen as the material for the jig due 
to its better performance characteristics such as high tensile strength, flame 
retardant, and suitability for high temperature applications. The material of the jig 
was able to sustain a wide range of temperatures between -101°C to 140°C. An 
insulated copper wire was soldered to a copper base plate in the jig [Fig 4.9], 
which provided a conductive path to the cathode. A flat circular stainless steel 
disk was placed on the copper plate. The ceramic sample with the developed 
resist was centered on the disk with the help of a copper conductive tape that 
provided high conductivity with low resistance to the flow of current. O-rings 
prevented the solution leakage into the contact surface. The top and bottom parts 
of the jig were held together with 6 nylon screws. The whole assembly was 
immersed in the plating solution for electrodeposition. 
 
 
Fig 4.9. Electroplating jig. 
Stainless 
steel disk 
Copper  
wire 
O-ring  
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4.7.2 Plating Apparatus with Parameters 
Six liters of FeNiCu electrolyte [Table 3.2] were prepared in an eight liter 
rectangular Nalgene ® (Nalge Nunc International, Rochester, NY) tank and 
stirred constantly at 40°C overnight, to assure complete dissolution of the 
chemicals in the DI water. Table 4.3 summarizes the roles of various 
components used in the electroplating process.   
Table 4.3. Components used in multilayer electroplating process 
Component Manufacturer Role 
Water bath Lindberg/Blue® Maintains desired 
temperature operating 
between 25°C - 100°C. 
Rectangular nalgene tank Nalge Nunc International Holds six liters of 
FeNiCu electrolyte. 
Circular plastic balls Nalge Nunc International Reduce the surface 
area for evaporation of 
water in the water bath. 
Mechanical Stirrer Yamato Scientific Co. Ltd, 
Tokyo, Japan 
(www.yamato.net) 
Complete mixing of 
chemicals with equal 
distribution of ions in 
the solution.  
5”X4” Pt-Titanium mesh  Technic Inc. Acts as an anode  
Alligator clips and cables Ralph’s Industrial 
Electronic Supplies 
 
The cables provide 
connection from the 
power supply to anode 
and cathode.  
Model 273A Potentiostat/ 
Galvanostat,  
EG&G ®  Instruments 
 
Power supply to the 
electroplating bath. 
Filter Holder Nalge Nunc International Filters the liquid that 
passes through. 
Tube (ID 0.125”)  Nalge Nunc International Carries liquid for 
filtering.  
Varistaltic pump Manostat ®  pumps 
(www.barnant.com)   
Maintains constant fluid 
flow in the plating 
solution at 20rpm.  
Filter circles (0.7µm pore, 
2.5cm diameter) 
Whatman plc. These go in between 
the Filter capsules and 
filters micron size 
particulates in the 
plating solution.    
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The electroplating jig with the substrate were placed in the solution and the 
copper wire was connected to the cathodic terminal of a Model 273A differential 
Electrometer (Ametek Princeton Applied Research, Inc, Oak ridge, TN). A 
platinized titanium mesh was connected to the anodic terminal of the 
electrometer, and was held parallel to the cathode. Fig 4.10 shows the complete 
electroplating apparatus used in the experiment. A Nalgene® filter holder with 0.7 
µm filter circles and a Manostat® varistaltic pump were used to constantly filter 
the solution throughout the experiment. The solution was constantly stirred at 
150 rpm by a mechanical stirrer. Sulfamic acid (Sigma-Aldrich Cheme Gmbh, St. 
Louis, MO) and sodium hydroxide (Fisher Scientific, Pittsburgh, PA) were added 
to the solution to adjust the pH to 2.0. Periodic inspection was carried out in 
every 6 hours to check the pH of the solution. 
4.7.3 Pulsing Scheme 
Pulse plating is a method of depositing metal on the substrate using 
interrupted or varying direct current (dc). Electrodeposition into the micro- 
recesses was carried out by pulsing the current between two levels, one for the 
FeNiCu alloy and one for the copper. Galvanostatic pulsing [Fig 4.11] with one 
segment at a higher current density of 55 mA/cm² and another segment at a low 
current density of 0.5 mA/cm² was used to plate alternating nanoscale multilayers 
of FeNiCu and copper, respectively. Five different samples having a different 
copper layer thickness interspersed in between the constant FeNiCu layers were 
electroplated by varying the copper deposition time. 
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Fig 4.10. Apparatus for multilayer electrodeposition. 
 
The pulsing time and the plating rate for the five different copper layer 
thicknesses are summarized in Table 4.4. The thickness of the FeNiCu layers 
was kept constant at 12.5nm by plating for 1.23 seconds.  
 
 
    
 
 
 
 
 
        Fig 4.11. Pulsing scheme for multilayer electroplating. 
 
 
Mechanical 
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       i  
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Table 4.4. Plating rate for copper deposition 
Copper layer thickness 
(nm) 
Time for Cu deposition 
(sec) 
Plating rate 
(µm/hr) 
1 6 0.3 
4 20 0.36 
5 27 0.33 
7 37 0.34 
9 48 0.33 
 
4.8 Lapping of Ceramic Substrates 
The ceramic substrate with electrodeposited microposts was bonded to a 
1” thick aluminum disc with the help of double sided tape (3M ® Corporation) [Fig 
4.12]. Overplated microposts with a tolerance of ±10µm were lapped on a Hyprez 
lapping machine (Engis Corporation, Wheeling, IL) [Fig 4.13] to obtain planarized 
structures.  
 
 
 
Fig 4.12. Electroplated ceramic sample taped on an aluminum disc. 
Copper sputtered 
ceramic substrate 
Aluminum jig 
Microposts 
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Fig 4.13. Lapping system. 
The lapping wheel was a ¼” composite iron plate mounted on a 1” thick 
aluminum base plate. The plate flatness was checked using a flatness gauge 
indicator before the experiment. Initial conditioning of the lap plate was 
necessary to get a flat surface. This was done by using optimum amounts of 
Hyprez diamond oil slurry for 2 minutes during the conditioning process. The 
aluminum disk along with the ceramic substrate was placed on the flat iron plate 
and lapped using different slurry sizes. Best results were obtained by using the 
parameters shown in the Table 4.5. Hyprez diamond slurries (Engis Inc., 
Wheeling, IL) were used in the lapping process. The different slurries used with 
some empirical results are summarized in Table 4.6. 
Table 4.5. Parameters used in lapping 
Parameter(s) (unit) Value 
Lapping speed (rpm) 55 
Reconditioning speed (rpm), time(min) 76, 2 
Slurry spray ON / Lap cycle 5 / 20 
Nitrogen pressure (psi) 10 
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Table 4.6. Wear rate corresponding to the slurry size 
Slurry size (µm) Total Lap Duration (min) Wear rate (µm/min) 
3 2 2 - 3 
1 5 1 - 1.5 
0.1 10 0.05 - 0.1 
 
4.9 Flood Exposure  
This was a maskless exposure of the entire substrate to X-rays for the 
removal of the remaining resist surrounding the metal microstructures. The 
radiation dose depended on the thickness of the resist and the total area of 
exposure. The minimum bottom dose used on the sample was 4000 J/cm³. The 
time for exposure was decided by the dose calculations. After the exposure, the 
sample was soaked in acetone to dissolve all the polymer resist on the substrate. 
At this final stage, the sample consisted of microposts without any PMMA resist. 
4.10 Microfabrication Conclusions 
The multilayer microposts were successfully microfabricated using X-ray 
LIGA technology. PMMA was used as the X-ray sensitive resist on the substrate. 
A uniform post X-ray mask was used to transfer the pattern to the ceramic 
substrate. Pulse plating technique was implemented in the electrodeposition of 
alternating FeNiCu and copper in the micro-recesses. Near Invar range FeNiCu 
alloy was electroplated at 55mA/cm² and copper was plated at 0.5mA/cm². The 
microstructures were lapped on a lapping wheel to obtain a well-polished top 
surface. 
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CHAPTER 5. CHARACTERIZATION OF MULTILAYER MICROPOSTS  
Structural, compositional, and mechanical properties of the nanoscale 
multilayered microposts were characterized by using various analytical 
techniques. Detailed descriptions with individual sample preparation steps 
involved in the techniques are discussed in this chapter.   
5.1 Characterization Methods and Rationale  
5.1.1 Scanning Electron Microscopy (SEM)  
SEM was used to obtain three dimensional images of the electrodeposited 
microposts. The rationale for using this method was to characterize the 
micrometer-scale layers of alternating FeNiCu and copper in the microposts. The 
limit of resolution of SEM is approximately 4nm. The sample preparation 
procedures were less complicated, less expensive, and also less time 
consuming. This technique was also used to validate the pulse plating process 
for electrodepositing nanolayers in the micro-recesses.  
5.1.2 Transmission Electron Microscopy (TEM) 
Nanolayer characterization and analysis was performed using TEM. The 
rationale behind using this technique was to visualize the thin nanolayers in the 
cross-section along the length of the micropost. This technology was used for a 
comparison of the structure between the as-deposited and heat treated 
multilayers. The resolution of TEM is approximately 2Å. TEM was also used to 
study and visually compare the FeNiCu and copper grain sizes with the help of 
high resolution TEM micrographs.  
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5.1.3 Electron Diffraction 
Electron diffraction is a wave interference phenomenon in which the 
incoming plane electron wave interacts with the individual atoms generating 
secondary waves which interfere with each other. The rationale in using this 
process was to confirm any phase changes in the FeNiCu alloy by comparing the 
diffraction patterns of as-deposited and heat treated multilayers.  
5.1.4 Thermomechanical Analysis (TMA) 
TMA was used to study the thermal expansion behavior of the multilayer 
microposts. The rationale of the experiment was to test the multilayer posts for 
their CTE and characterize the process for different copper layer thickness. The 
thermal behavior and characteristics were studied on single micropost, multiple 
posts and also heat treated microposts. Multiple heating cycles on the material 
were also tested for CTE variations only on the vertical axis and compared for 
five different copper layer thicknesses.  
5.1.5 Micro-hardness 
Multilayered microstructures were investigated for potential applications as 
the material of mold inserts. The idea was to manufacture a material that had 
good resistance to deformation that could sustain large thermal loads. The Invar-
like microposts are being considered as potential materials for micro-molds. The 
rationale behind using this method was to measure the micro-hardness of 
multilayer microposts having alternating layers of near Invar FeNiCu alloy with 
copper. Micro-hardness was calculated for five samples with different copper 
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interlayer thicknesses. The hardness values were compared with other mold 
insert materials made of H13 and P20 tool steel. 
5.2 Specimen Cutting 
A 430CA diamond edged blade [Struers Inc., Cleveland, OH] was used to 
dice a 4” diameter ceramic substrate with electrodeposited microposts, on a 
Struers ® Accutom-5 machine. The ceramic sample was mounted perpendicular 
to the direction of linear motion of the blade. The blade was rotated at 3000 rpm 
with a feed rate of 25 µm/hr. Lubricating fluid was used to cool the sample and 
blade constantly with the help of cooling jets. Cooling was very important to 
prevent the overheating of the sample and the blade that can change the 
microstructure of the multilayers. The substrate was cut into 1.5 cm ×1.5 cm 
square die that were used for different characterization methods. 
5.3      Structural Characterization 
 Three different methods such as SEM, TEM and electron diffraction were 
used to characterize the structure of the multilayer micropost.  
5.3.1 Scanning Electron Microscopy 
5.3.1.1 Micrometer-scale Plating  
 Multilayers were electrodeposited with a pulse plating technique with 
longer pulses to obtain layer thicknesses of micrometer size rather than 
nanometer size. This method was implemented to analyze the consistency in 
individual layer thickness and composition. The duty cycle for FeNiCu and 
copper is given in Table 5.1. Since copper was plated at a much lower current 
density than the FeNiCu alloy, the pulse lengths for plating each layer of copper. 
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Table 5.1. Electroplating parameters for micrometer-sized layers 
Electrodeposited 
Layer 
Current density 
(mA/cm²) 
Pulse length 
(sec) 
Thickness  
(µm) 
Copper 0.5 5000 1 
FeNiCu alloy 55 54 1 
 
was very high. After the plating, the substrate with the microposts was polished 
and cut into die [Section 5.2] for SEM sample analysis 
5.3.1.2 SEM Sample Preparation Steps 
The ceramic specimen with the microposts was held by a specimen 
support spring [Sampl-Klip® Buehler, Lake Bluff, IL] and placed in a 1” diameter 
disposable cold MT cap. For cross-sectional analysis, the ceramic substrate was 
kept in the vertical position so that the microposts were parallel to the surface of 
the mold. Two parts of Sample-kwick® powder and one part of Sample-kwick® 
liquid by volume were mixed in a separate container for 20 seconds. The mixture 
was poured into the cap without delay, immersing the sample completely. The 
sample was cured at room temperature for 30 minutes.  
Initial removal of the epoxy from the top surface was done by polishing 
with coarse grit papers on a Polimet ® polishing wheel [Buehler Ltd, Lake Bluff, 
IL]. Samples were polished with grit 320, 400, and 600 papers until some of the 
microposts were visible on the top surface. Finer polishing on 600, 800, and 1000 
grit papers was done to remove micro-scratches along the length of the 
micropost. Visual inspection with a 50X objective microscope [model NikonUSA, 
Melville, NY] in between the polishing cycles was done in order to check the level 
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of flatness and smoothness on the sample. Ultra fine polishing was done on a 
polishing cloth with the help of 0.3µm, and 0.05µm Al2O3 solution. After this step, 
the sample was ready for material analysis in a high vacuum SEM. A thin layer of 
gold was sputtered on the surface of the epoxy sample at 50-70torr to make it 
conductive for electron beam analysis. A JEOL 840A Scanning electron 
microscope at the Geology Department was used in analyzing the micrometer 
layers on the microposts.  
5.3.1.3 SEM Results 
Fig 5.1 shows SEM images of the electrodeposited microposts. The height 
and diameter of the posts is 100µm. Fig 5.2(a) shows a cross-section of a 
micropost along its length. The micrometer thick layers along the cross-section of 
the micropost are shown in Fig 5.2(a). The thickness of each layer was 
approximately 1µm. The layers are not perfectly flat and a columnar grain growth 
is observed along the length of the micropost. Due to the difference in the density  
    
    
Fig 5.1. SEM picture of electrodeposited microposts. 
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Fig 5.2. SEM micrographs showing (a) micrometer thick layers (b) 
              backscattered image having lighter FeNiCu layer and dark copper  
             layers. 
 
between the adjacent layers, a backscattered image [Fig 5.2(b)] shows the dark 
and bright contrast in the layers. The brighter layers are the FeNiCu alloy and the 
darker layer is rich in copper. 
5.3.2 Transmission Electron Microscopy 
Nanolayer characterization was done using TEM technique on both as-
deposited and annealed multilayers. Structural comparison of the layers was 
made by comparing the thickness of the individual layers of the as-deposited and 
the heat treated microposts.   
5.3.2.1 Sample Preparation 
5.3.2.1.1 Method 1: By Polishing 
The ceramic substrate with the electrodeposited microposts was cut into 
several smaller die of 3mm×3mm on a side using the specimen cutting procedure 
[Section 5.2]. Ceramic pieces were bonded together with a thermosetting 
adhesive called M-bond-610 [Structural Probe Inc., West Chester, PA]. They 
were placed on the hot plate at a temperature around 70°C for 20 minutes. A low 
(a) (b) 
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melting point wax was used to mount the samples on a Pyrex cylinder with the 
side on which the sample was mounted having more microposts than the 
polishing side. The Pyrex cylinder with the sample was fixed on to a disk grinder 
623 [Gatan Inc., Pleasanton, CA] to carry out polishing procedures. A Model 900 
grinder/polisher [South Bay Technologies Inc., San Clemente, CA] was used for 
mechanical polishing on different grit papers from 320 to 600. The polishing 
depth of 10-15µm each time was adjusted by turning a knob on the disk grinder. 
Periodic visual inspection was carried out to make sure the microposts were 
bonded together with the glue. Polishing was continued until the thickness of the 
cross-section of the sample reduced to around 400µm. The sample was again 
mounted on a copper grid with a standard M-bond adhesive and polished again 
on 800 and 1000 grit sand paper to reduce the thickness of the ceramic to near 
50µm. A Precision ion polishing system (PIPS) [Gatan Model 691, Pleasanton, 
CA] with an Argon gas source was used to ion mill the specimen thickness to 
less than 10µm. The ion beam was focused on the microposts in between the 
ceramic to get a very thin edge, on the order of a few nanometers. A JEOL 2010 
high resolution transmission electron microscope (HRTEM) was used to 
distinguish the alternating nanoscale multilayers of FeNiCu and copper.  
5.3.2.1.2 Method 2: Resin Embedding 
The microposts were removed from the substrate manually with pointed 
tip tweezers under a Nikon A4-B microscope (Melville, NY). The posts were 
collected in a small container and washed with acetone and ethanol five times in 
succession. The sample was agitated for two hours in 1:1 ethanol and LR White 
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hard embedding resin (London Resin Co., Theale, UK), and then transferred into 
a 100% resin with continued agitation for one hour. The microposts were flat 
embedded in a covered aluminum weigh boat and heated to 60°C overnight. The 
resin was polymerized and hardened with the posts lying at the bottom. In order 
to insure that the micro-posts were completely surrounded by the hard plastic, 
they were removed from the aluminum boat and re-embedded upside-down in a 
fresh LR White hard embedding resin using the same process as before. 
Individual posts were selected under a Nikon dissectoscope and cut from the 
resin block with a jeweler's saw. These microposts were sectioned along the 
cross-section into 100-200 nm thin films with a diamond knife mounted in a 
Dupont-Sorvall MT-5000 Ultramicrotome (Newtown, CT). The thin sections were 
collected onto collodion-coated copper grids and imaged with the TEM. A high 
resolution, JEOL 100CX (Tokyo, Japan) transmission electron microscope (TEM) 
in the Socolofsky Microscopy Center, operating at 100KV was used to investigate 
the nanoscale layers of the FeNiCu alloy. 
5.3.2.2 TEM Results 
5.3.2.2.1 As-deposited Multilayers 
The TEM micrographs showing the layers of copper deposited for 27 s 
interspersed with layers of FeNiCu deposited for 1.23 s are shown in the Figures 
5.4(a), (b), and (c). The images consist of successive layers of dark and light 
regions, where the dark layers are the FeNiCu alloy and the light ones are the 
copper only layers. During the electrodeposition process, the layers were plated 
with a calculated thickness of 5nm for copper and 25nm for FeNiCu layer.  
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Fig 5.4 (a) and (b) Cross-sectional TEM micrographs of  
(FeNiCu) 12.5nm/ (Cu) 4.5nm multilayer. 
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From inspection of the TEM micrograph at ten different spots, the average layer 
thicknesses were 12.5 nm for the FeNiCu and 4.5 nm for Cu, respectively. The 
standard deviation of layer thickness was 1.89 nm and the average of the bilayer 
was 13.5 nm. The current efficiency for electrodepositing Cu layer was nearly 
100% and for the FeNiCu was 50%. 
5.3.2.2.2 Heat Treated Multilayers 
The as-deposited microposts were heat treated from ambient to 300°C in 
three successive thermal cycles [Fig 5.5]. The TEM analysis was done on the 
heat treated microposts that were electroplated with repeated layers of FeNiCu 
deposited for 1.23 s and copper deposited for 27 seconds. TEM micrographs of 
the heat treated multilayers are shown in Figures 5.6(a) and (b).  
 
 
        Figure 5.5. Time-temperature plot for three thermal cycles. 
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Fig 5.6 (a) and (b) Cross-sectional TEM micrographs of heat treated 
(FeNiCu) 40nm/ (Cu) 10nm multilayer. 
Quantitative inspection of the TEM pictures shows an increase in the thickness of 
both the FeNiCu alloy and copper layers as compared with the as-deposited 
layers. The average thickness of the individual layers is 40nm for FeNiCu layer 
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FeNiCu
Cu
FeNiCu 
Cu
FeNiCu 
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and 10nm for the copper layer. The standard deviation of the bilayer unit was 
0.05 nm. Visual examination on the TEM pictures show an increase in grain size 
of the heat treated layers as compared to the as-deposited ones. 
5.4 Mechanical and Thermal Properties 
Estimation and characterization of thermomechanical behavior, thermal 
expansion along the post axis, and micro-hardness of the electrodeposited 
microposts was performed to establish the mechanical utility of the multilayers. 
The experimental procedures and the subsequent results are discussed in the 
following sections. 
5.4.1 Thermomechanical Analysis 
The response of the microposts was studied when they were subjected to 
external heat and force. Dimensional variation and the coefficient of thermal 
expansion were recorded for the given change in temperature.  
5.4.1.1 Sample Preparation 
 The ceramic sample containing microposts was cut into 1 cm×1 cm die 
using the specimen cutting procedure in Section 5.2. The die were packed in an 
EASY GRIP™ polystyrene dish [Becton Dickinson Labware, Franklin Lakes, NJ] 
along with wool fabric that prevented any damage to the microposts during 
shipping and handling and was sent to Stork Technimet Inc. [New Berlin, WI] for 
the thermomechanical analysis. A sample of copper only sputtered substrate was 
also sent for substrate reference purposes. The samples along with the reference 
substrate were manually sectioned at Stork Technimet to allow for multiple 
analyses of the materials. 
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5.4.1.2 Stork Technimet Analysis 
5.4.1.2.1 Process Equipment 
 Nanolayered microposts were tested for their thermal expansion behavior 
on a Thermo Mechanical Analyzer (TMA) (Model 2940, TA Instruments, New 
Castle, DE) at Stork Technimet Inc. A 0.05 N-loaded expansion probe [Fig 5.8] 
with a contact diameter of 2.54 mm was used to measure the displacement of the 
posts and substrate as the temperature was varied from ambient to 300°C with a 
heating rate of 5°C/min. 
5.4.1.2.2 Test Protocols 
The samples were examined on a stereomicroscope at magnifications up to 60X 
prior to testing. Initially, a thermogram was obtained for an analysis performed on 
the copper sputtered reference substrate. The substrate exhibited a relatively 
linear expansion curve over the temperature range of the analysis [Fig 5.9]. An 
average CTE of 8.056µm/m°C was obtained for the given temperature range. 
 
 
      
Fig 5.8. Thermo Mechanical Analyzer setup. 
TMA machine
Heating probe 
Ceramic sample 
with microposts 
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The substrate results were used as the baseline for subsequent subtraction 
operations involving the actual sample analyses. The thermal expansion of the 
microposts was determined by taking the difference of the expansion of the 
substrate and of the posts on the substrate, yielding the expansion of the posts 
relative to the substrate. Three different types of measurement were made on the 
microposts: Multi-post, single post and multi-heat analysis.  
5.4.1.2.2.1 Multi-post Analysis 
The TMA probe was placed in contact with the top surface of around 9 
microposts simultaneously and the displacement was noted with the increase in 
temperature. Fig 5.10 shows the sample before and after multi-post testing.  
 
 
Fig 5.9. TMA thermogram on the substrate. 
50°C 
299.27°C
Alpha = 8.056µm/ m °C 
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Fig 5.10. A multi-post sample subjected to TMA analysis. 
(a) Prior to testing. (b) After testing. 
Two such multi-post analyses were done to validate the results and also to 
compare the thermal response of the microposts. Five different analyses were 
performed on various samples for 1 nm, 4 nm, 5 nm 7 nm and 9 nm copper layer 
thickness interspersed between FeNiCu alloy. The substrate effect was 
eliminated by numerical subtraction of multi-post readings with the substrate 
data. 
5.4.1.2.2.2 Single Post Analysis 
The multi-post test was followed by a single post analysis on a different 
sample. The expansion probe placed in contact with a single post, isolated by 
removing surrounding posts from the substrate. The dimensional variation with a 
sampling rate of 2 seconds/point was noted for an increase in temperature from 
ambient to 300°C. The thermal response of the single post test reasonably 
matched that of multi-post study. Fig 5.11 shows the ceramic sample before and 
after the single post testing. The arrow in the figure indicates the micropost that 
was thermally loaded.     
 
 
(a) (b) 
Area 
tested 
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Fig 5.11. A single post sample subjected to TMA  
(a) Before testing.  (b) After testing. 
5.4.1.2.2.3 Multi-heat Analysis 
The behavior of the as-deposited nanoscale multilayers to multiple 
heating/cooling cycles was studied. Three consecutive thermal cycles were 
carried out on the multi-post samples with the temperature raised from 55°C to 
300°C and cooled down passively over three hours, three times. After placing the 
sample in the TMA, the process was programmed to run for three successive 
cycles. It was undisturbed in the machine until the end of experiment. 
5.4.1.2.3     Results 
Characterization curves were obtained for different types of analysis. The 
temperature response of multi-post, single post, and multi-heat analyses on the 
samples showed a similar behavior. The performance of the microposts was 
studied and validated. The following results are specific to multilayers having 
5nm copper thickness. 
5.4.1.2.3.1 Multi-post 
The thermal response of an as-deposited multilayer multi-post sample is 
shown in Figure 5.12. The coefficient of thermal expansion over a temperature  
(a) (b)
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       Fig 5.12. Thermal expansion behavior over an array of posts. 
range was the slope of the length change versus temperature curves. During 
heating to 300°C the posts contracted along their vertical axes. The deflection 
history is bilinear, with two distinct linear ranges from ambient to 159°C and from 
225°C to 300°C, with a transition zone in between. The CTE was evaluated by 
fitting a straight line to the data in each of the two linear ranges, yielding –3.26 
µm/m°C up to 159°C and –13.74 µm/m°C at higher temperatures. 
5.4.1.2.3.2 Single Post 
A similar analysis done on an as-deposited isolated single multilayer post 
on the same substrate is shown in Figure 5.13. A straight line was fit from 40°C 
to 100°C with a slope of -1.64 µm/m-°C. A second constant slope section from 
125°C to 200°C showed a CTE of -4.41 µm/m-° C and from 240°C to 299.19°C 
the post exhibited a CTE of -14.36 µm/m-°C. The single post and multi-post 
thermal behaviors were comparable. 
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Fig 5.13. Thermal expansion behavior of isolated single post. 
5.4.1.2.3.3 Multi-heat  
 When subjected to multiple heating cycles, the posts exhibited a negative 
thermal expansion during the first cycle, but in the two succeeding heating cycles 
reverted to a linear, positive coefficient of thermal expansion. The subtraction 
curves for three temperature cycles are shown in Figures 5.14(a), (b) and (c),  
 
Fig 5.14(a). Thermal expansion behavior for first multi-heat cycle. 
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Fig 5.14(b). Thermal expansion behavior for second multi-heat cycle. 
respectively. Figure 5.14(a) shows a negative CTE of -3.18 µm/m°C between 
25°C to 125°C, -4.81 µm/m°C between 135°C to 200°C, and -56.13 µm/m°C 
between 235°C to 250°C. The second heating cycle gave an average positive 
CTE value of 2.30 µm/m°C over temperatures between 100°C to 240°C [Figure 
5.14(b)].  
 
Fig 5.14(c). Thermal expansion behavior for third multi-heat cycle. 
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Figure 5.14(c) shows the third heating cycle, which exhibited a lower CTE value 
of 1.75 µm/m°C from 75°C to 175°C, followed by a transition phase, then a 
flattening out to 0.267 µm/m°C from 225°C to 275°C. Fig 5.15 shows the 
dimensional variation of bulk Invar as a function of temperature, which was 
tested at Stork Technimet. The temperature was varied from -20°C to 120°C. For 
an increase in temperature, the thermal analysis showed an increase in CTE for 
the bulk Invar as compared to multilayers that maintained a constant lower CTE 
until 300°C. 
  
 
Fig 5.15. TMA thermogram on an Invar rod. 
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5.4.1.2.3.4 Multilayering Effect on CTE 
The CTE values of the first, second and third multi-heat trials at low and 
high temperatures were compared for different copper layer thicknesses. Low 
temperature measurements ranged from ambient to 100°C, whereas higher 
temperatures from 150°C to 300°. Figures 5.16 (a), (b), and (c) summarize the 
CTE behavior as a function of the change in the copper thickness in nanometers 
for low, mean, and high temperatures, respectively. The figures show a negative 
CTE behavior for the first heat cycle and increases to positive values in 
successive thermal cycles. Greater fluctuations in the CTE values are seen in the 
initial heating cycle but the curve stabilizes and smooth out after multiple 
heating/cooling effects. Mean and higher temperature CTE variation [Fig 5.16(b) 
and (c) show similar behavior except the CTE’s are lower and negative. 
 
 
Fig 5.16(a). Low temperature CTE variation as a function of  
 copper layer thickness. 
 98
 
Fig 5.16(b). Mid-range temperature CTE variation as a function of  
copper layer thickness. 
For the first two cycles, the 5nm copper layer micropost has a different behavior 
as compared with the third heating cycle. The multilayer CTE curve stabilizes on 
the third heating cycle as compared to the initial heating cycle.  
 
Fig 5.16(c). High temperature CTE variation as a function of  
copper layer thickness. 
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5.4.2 Micro-hardness Characterization 
Micro-hardness was used to experimentally assess the use of multilayer 
structures in mold insert applications. Five different as-deposited multilayer 
microposts with varying thickness nanoscale copper layers were tested for micro-
hardness property. The result was compared with the hardness of the H13 and 
P20 mold making tool steels. 
5.4.2.1 Sample Preparation 
A 1 cm×1 cm ceramic die with microposts was placed on a small metal 
block in a 1 inch diameter disposable cold MT caps. Approximately 100 parts of 
Epothin low viscosity resin [Buehler®, Lake Bluff, IL] was mixed with 36 parts of 
Epothin hardener pint [Buehler] and poured into the caps containing the sample. 
The whole assembly was placed in a vacuum to remove air bubbles from the 
viscous mixture and cured at room temperature for 18 hours. The sample was 
polished using the SEM polishing technique reported in Section 5.3.1.2. Finer 
mirror polishing was done on an ECOMET 6 Variable Speed Grinder-Polisher 
[Buehler] using a high performance diamond slurry, DP Spray [Struers® 
Cleveland, OH]. The mean particle size in the polycrystalline spray was 3µm, and 
was used to get a mirror finish on the tops of the microposts.  
5.4.2.2     Testing Equipment 
 Micro-hardness experiments were done on a Future Tech ® 
Microhardness Tester [Tokyo, Japan] with a Knoop indenter to make an 
indentation on the top surface of the micropost. Indentation was done at four or 
five different locations on the micropost. A 10 gf load was applied during the 
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process of indentation. The hardness number was determined by transferring the 
length of the indentation diagonal to a standard Knoop-hardness table.  
5.4.2.3 Profilometric Results 
The indentations on the top surface of a micropost with 4nm copper layer 
thickness are shown in Figure 5.17. The Knoop indenter is a diamond ground to 
a pyramidal form that produces a diamond-shaped indentation with long and 
short diagonals in the approximate ratio of 5:1. The length of the long diagonal of 
the indent is around 15µm and the short diagonal is 3µm. Surface profilomety 
[Figures 5.18 (a), (b) and (c)] was done using a Wyko NT3300 [Veeco 
Instruments Inc. Woodbury, NY] on the indented microposts at CAMD. It 
provided a 3-D view of the micropost and the height of the micropost was around 
15µm. The lateral resolution of the Wyko profilometer was around 1 µm. 
Measurements were done on two indentation spots as represented in the 2D 
view and the indentation depth 
 
    Fig 5.17. SEM image showing the indentation on the micropost. 
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was found to be in the range of 800-900nm. This means that the indenter had 
penetrated into 50 nanoscale bilayer units of FeNiCu and copper from the top 
portion of the post.  
5.4.2.4 Hardness Results 
The microhardness measurements on five different microposts with 
varying Cu nanolayer thicknesses are given in Table 5.4. The Knoop hardness  
 
 
(a) 
 
       (b)            (c) 
Fig 5.18. Micro indentation depth analysis on the multilayer micropost 
               showing (a) 3-D view of the microposts with micro indentations.  
               (b) 2-D view of the top of the micropost. (c) Depth of indentation. 
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Table 5.4. Knoop micro-hardness values on multilayer microposts [41] 
Copper 
thickness 
(nm) 
Knoop 
Hardness 
number 10 gf 
(HK) 
Rockwell C 
Hardness 
number 150 kgf 
(HRC) 
Vickers  
Hardness  
(HV) 
1 580.4 52 550 
4 525.25 49 500 
5 526 49 501 
7 587 53 556 
9 524.75 49 500 
 
for 4 nm, 5 nm and 9 nm Cu layers had an average value of 525. The variation in 
the microhardness was not very significant in those samples. On the other hand, 
the hardness of 1nm and 7nm samples averaged at 584. The average hardness 
of the material was 548.68 and the standard deviation was 28.67. In conclusion, 
the hardness of the as-deposited multilayers was compared with tool steels. The 
hardness of type H13 and P20 tool steels on the Rockwell C scale is 50 and 30 
and is comparable with that of FeNiCu multilayer [39]. 
5.5 Characterization Conclusions and Discussions 
5.5.1 Structural Characterization 
The SEM images in the Figures 5.2(a) and (b) provide a validation that the 
thickness of the electrodeposit can be controlled with variation in the deposition 
time. This proved that the compositionally modulated multilayers of FeNiCu/Cu 
can be effectively fabricated. This also proved that pulse plating technique can 
be implemented to successfully electrodeposit nanoscale multilayers in the 
micro-recesses. The TEM micrographs of heat treated [Figure 5.6(a)] multilayers 
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show a significant increase in thickness of the individual layers as compared with 
as-deposited ones [Figure 5.4(a)]. Copper layers in the heat-treated samples 
show an increase of 33%, and FeNiCu layers increase by 35% with respect to 
as-deposited ones. 
5.5.2 CTE Testing 
The influence of multilayering on thermal expansion behavior was 
analyzed and studied experimentally on the microposts. Thermomechanical 
analysis of single-posts and multi-post samples showed a negative CTE with an 
increase in temperature from ambient to 300°C over an initial heating cycle. 
Negative thermal expansion behavior was seen. Two subsequent heating/cooling 
cycles resulted in the material exhibiting a positive CTE, indicating that the 
heating/cooling of the multilayer provided energy for the reconfiguration of the 
alloy into a more stable, positive CTE form.  
From the figures 5.16(a), (b) and (c), it can be noticed that the variation in 
the CTE for different copper layer thickness is minimized, and the curve becomes 
more stable and smooth in the third heating cycle.  
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
Nano-multilayers of Invar-like FeNiCu and copper were electrodeposited 
in the micro-recesses. Micro-structural, thermal and mechanical characterization 
was performed on the microposts in order to assess their importance in low CTE 
applications and mold insert materials. FeNiCu/Cu multilayers were analyzed for 
their potential applications in bimorph actuators and temperature sensors.   
6.1.1 Feasibility of FeNiCu Multilayer Microstructures 
Electrodeposition was proved to be a viable technique in microfabrication 
of multilayer microstructures. An electroplating bath for the deposition of FeNiCu 
nanoscale multilayers was developed using rotating Hull cell experiments. It was 
proved that Hull cell experiments were feasible in obtaining current density 
ranges for near Invar and copper. The plating bath efficiency for Cu layer was 
nearly 100% and for the alloy about 50%. An electroplating jig was designed to 
maintain a uniform current distribution at the cathode. The thickness of the 
individual layers was dependent on the required plating time, which was 
calculated by Faraday’s equation. Micro-posts were fabricated using the LIGA 
microfabrication process, and 100 µm diameter by 100 µm tall posts with fixed 
thickness (12.5 nm) FeNiCu-Cu layers were deposited alternating with 4.5 nm 
thick copper layers. High and low galvanostatic pulses were applied to effectively 
electrodeposit successive layers of FeNiCu and copper.  
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6.1.2 Characteristics of FeNiCu Multilayers 
The viability of making multilayers with the desired properties was studied 
by different characterization procedures such as transmission electron 
microscopy, thermomechanical analysis, composition analysis, and micro-
hardness experiments. The TEM sample preparation was done by two different 
procedures such as polishing and resin embedding methods. As-deposited and 
heat treated nanoscale multilayers were distinguished and compared 
quantitatively. Five different samples with 1 nm, 4 nm, 5 nm, 7 nm and 9 nm 
copper nanolayers were electrodeposited along with the constant FeNiCu alloy. 
Multilayering effect along a single axis of the micropost having different Cu nano-
interlayer thicknesses with FeNiCu was studied. 
The objective of this research was to address some of the characteristics 
of FeNiCu multilayers for different applications. Thermomechanical analysis on 
the multilayer microposts exhibited a negative CTE effect over an initial heating 
cycle, and low positive CTE for rest of the thermal cycles. Both single post and 
multi-post analysis showed similar behavior of negative thermal expansion for the 
initial heating cycle. Stabilization of the CTE to a lower positive value was seen 
for all of the multilayer samples having different Cu layer thickness. The 
hardness of the as-deposited multilayer micropost proved to be comparable with 
that of H13 and P20 tool steels. The average micro-hardness of the multilayers 
was 50 on Rockwell C scale and was harder than electrodeposited Invar. The 
FeNiCu/Cu multilayers are also harder than the bulk Invar, whose hardness 
measures 84 on Rockwell B scale and 2 on Rockwell C scale [41]. 
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6.1.3 Effect of Copper Layer Thickness Variation 
The thickness of the copper was a parameter that was varied in the 
electrodeposition of multilayers. The CTE analysis done on five different 
micropost samples having dissimilar Cu interlayer thicknesses exhibited similar 
thermal expansion behavior for an increase in temperature from ambient to 
300°C. In comparison with the coefficient of thermal expansion behavior with five 
samples, the CTE was more inconsistent during the initial thermal cycle, but 
stabilized with successive heating and cooling cycles. The CTE fluctuations were 
reduced in the second and third heat cycles. This phenomenon was visualized in 
high, mean and low temperatures.  
Five different multilayer microposts containing varied copper nanolayer 
thicknesses were analyzed for the micro-hardness property. All the microposts 
were considerably harder than the electrodeposited Invar. The average hardness 
of the material was 580 on the Knoop hardness scale and 50 on the Rockwell C 
scale. In conclusion, the hardness of the as-deposited multilayers was compared 
with the mold making tool steels. The hardness of type H13 and P20 tool steels 
on the Rockwell C scale is 50 and 30 and is comparable with that of FeNiCu 
multilayer. 
6.2 Future Work 
In the current work, the microposts were tested for thermal expansion in a 
single direction and in one dimension. The present research has a limitation in 
providing a possible explanation on CTE variation of microposts in multiple 
dimensions. Recommendations into the further research on this project include 
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CTE testing on the multilayer micropost in different directions. The idea is to 
develop and test a material that exhibits isotropic dimensional variation for 
changes in temperature. The future study is also to study the grain growth of the 
individual nanoscale layers and examine the variation in the grain behavior for 
increase in temperature.  
In continuation of the work on the micro-hardness of multilayer microposts, 
it is recommended to calculate the hardness of heat treated or annealed samples 
and check if the material retains the hardness property even after additional 
thermal loads. The micro-hardness comparison has to be done between as-
deposited and annealed microposts. 
Further investigation can be done by varying the FeNiCu/Cu bilayer 
thickness and study the thermal and mechanical properties of the nano-
multilayers. The multilayers have to be tested as the material of thermocouples in 
making temperature sensors and bimorph actuators with their potential 
applications in downhole monitoring in the oil wells. 
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APPENDIX A: X-RAY DOSE CALCULATIONS 
    The X-ray exposure dose was calculated by software, DoseSim 
(Institute for Microstructure Technology, Research Center, Karlsruhe, Germany), 
a MSWindows® simulation tool for synchrotron X-ray exposure and subsequent 
development. The total dose on the resist depends on the total area of the 
pattern exposed to the X-rays. For a PMMA resist thickness of 130µm, and with a 
bottom dose of 4000J/cm³, the exposure dose current was 4929.8 mA.min/cm. 
The complete summary for the flux graph is shown in the Figure A1. The 
parameter summary of the dose calculations is given in Figure A2.  
         
 
Fig A1. Summary of flux graphs showing  
the X-ray intensity in the PMMA resist. 
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Fig A2. DoseSim parameter summary. 
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APPENDIX B: ELECTROPLATING JIG LAYOUT 
 
 
 
 
All Dimensions in inches 
Fig B1. Bottom part of electroplating jig. 
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  All Dimensions in inches 
Fig B2. Top part of the electroplating jig. 
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APPENDIX C: EDAX COMPOSITION ANALYSIS 
1) As-deposited layers 
Energy dispersive X-ray (EDAX) analysis was done on the nanolayers of 
FeNiCu and copper in order to estimate the percentage composition of individual 
elements in the layer. Microanalysis was carried out on dark and light layers with 
the help of Genesis software [EDAX, Mahwah, NJ]. The layer information was 
collected by a detector of type EDAX SUTW-Sapphire. The spot size of the TEM 
was bigger than the average thickness of copper layer (4.5nm). The resultant 
spectrum is the average composition of 2-3 adjacent layers. EDAX Spectra of as-
deposited copper rich bright layer is shown in the Fig C1. The atomic and weight 
percentage composition of the Cu, Ni, and Fe are given in the Table C-1. 
 
 
 
 
 
 
 
 
 
  
 
Fig C1. EDAX Spectra on the as-deposited copper nanolayer. 
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Table C-1. Elemental composition of the as-deposited copper nanolayer 
Element Type Weight % Atomic % 
Fe 15.6 16.9 
Ni 29.7 30.6 
Cu 54.5 52 
S 0.2 0.4 
 
An EDAX spectrum for an as-deposited FeNiCu layer is shown in the Fig C2. The 
electron beam was focused on a dark layer that was very adjacent to the bright 
one. The composition spectrum is the average percentage value of 2-3 
nanolayers at the given spot.  
 
 
 
 
 
 
 
 
 
 
 
Fig C2. EDAX Spectra on the as-deposited FeNiCu alloy nanolayer. 
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The percentage count of nickel is almost equal to copper and larger than iron. 
The readings are not consistent with the Invar (64% Fe and 36% Ni) composition. 
Table C-2. gives the atomic and weight percentage composition of the Cu, Ni, 
and Fe. 
Table C-2. Elemental composition of as-deposited FeNiCu nanolayer 
Element Type Weight % Atomic % 
Fe 24.9 26.5 
Ni 36.8 37.3 
Cu 38 35.6 
S 0.3 0.6 
 
2) Heat treated multilayers: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig C3. EDAX spectra on the annealed FeNiCu alloy nanolayer. 
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Table C-3. Elemental composition of heat treated FeNiCu nanolayer 
 
Element Type Weight % Atomic % 
Fe 41.1 43.2 
Ni 31.5 31.5 
Cu 27.4 25.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Fig C4. EDAX Spectra on the as-deposited copper nanolayer. 
 
Table C-4. Elemental composition of heat treated copper nanolayer 
 
Element Type Weight % Atomic % 
Fe 28.7 30.7 
Ni 30.8 31.3 
Cu 40.5 38 
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APPENDIX D: AUGER ELECTRON SPECTROSCOPY RESULTS 
1) As-deposited multilayers 
  Kinetic Energy (eV)
dN(E)
Min: -1201 Max: 749
40 246 452 658 864 1070 1276 1482 1688 1894 2100
S1
0.6 % C1
18.0 %
N1
2.2 %
O1
13.9 %
Fe3
30.9 %
Cu1
34.4 %
Post 3, after profile
Atomic Concentration
S1 0.6 %
C1 18.0 %
N1 2.2 %
O1 13.9 %
Fe3 30.9 %
Cu1 34.4 %
 
Fig D1. Plot of Kinetic energy as a function  
of percentage count of elements.  
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Post 5, solvent cleaned
sputter rate ~ 200Å/minute SiO2
 
Fig D2. Plot of the sputter time as a function  
of percentage count of elements. 
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2) Heat treated multilayers 
           Kinetic Energy (eV)
dN(E)
Min: -1394 Max: 1244
40 246 452 658 864 1070 1276 1482 1688 1894 2100
Cu1
15.1 %
Ni3
25.2 %
Fe1
10.1 %
O1
20.1 %
S1
4.9 %
C1
24.6 %
Atomic Concentration
Cu1 15.1 %
Ni3 25.2 %
Fe1 10.1 %
O1 20.1 %
S1 4.9 %
C1 24.6 %
 
Fig D3. Plot showing the atomic concentrations of individual elements. 
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Fig D4. Plot of sputter time as a function  
of % count of elements. 
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APPENDIX E: ELECTRON DIFFRACTION ANALYSIS 
 The electron diffraction patterns were taken on JEOL 2010 High resolution 
Electron Microscope (HRTEM). Selective area diffraction (SEAD) was obtained 
by focusing the electron beam on to the selected multilayers. The diffraction 
patterns obtained for both as-deposited and heat treated layers, and quantitative 
comparison is made. Figures E1 and E2 show the diffraction patterns of the 
nano-multilayers of FeNiCu and copper. Visual investigation on both the 
diffraction patterns shows a polycrystalline nature of the electrodeposits. More 
discrete spots are seen in the heat-treated structure than compared to the as-
deposited ones. This may infer that the grain size of the annealed layers might 
be bigger than the as-deposited ones.  
 
                     
Fig E1. Diffraction pattern of as-deposited nanoscale multilayers. 
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Fig E2. Diffraction pattern of the heat treated multilayers. 
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APPENDIX F: THERMOMECHANICAL ANALYSIS 
1. TMA analysis on 1 nm copper layer thickness: 
Subtraction curve
Sample 2C-Substrate 2
45.00°C
100.00°C
Alpha=-3.384µm/m°C
125.00°C
200.00°C
Alpha=-4.368µm/m°C
250.00°C
299.25°C
Alpha=-6.647µm/m°C
-2.0
-1.5
-1.0
-0.5
0.0
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0 50 100 150 200 250 300
Temperature (°C) Universal V3.9A TA
 
Subtraction curve for multi-post analysis. 
 
50.00°C
100.00°C
Alpha=-3.820µm/m°C
200.00°C
250.00°C
Alpha=-7.551µm/m°C
Subtraction curve
Sample 2D-Subtrate 2
-2.0
-1.5
-1.0
-0.5
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Subtraction curve for single post analysis. 
 
 125
Subtraction curve
Sample 2E-Subtrate 2
First heat
25.96°C
100.00°C
Alpha=-2.900µm/m°C
150.00°C
225.00°C
Alpha=-3.242µm/m°C
250.00°C
295.50°C
Alpha=-5.921µm/m°C
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
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Temperature (°C) Universal V3.9A TA
 
Subtraction plot for first multi-heat cycle. 
 
 
 
75.00°C
200.00°C
Alpha=1.281µm/m°C
Subtraction curve
Sample 2E-Subtrate 2
Second heat
-1.7
-1.6
-1.5
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Subtraction plot for second multi-heat cycle. 
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Subtraction curve
Sample 2E-Subtrate 2
Third heat
125.00°C
165.00°C
Alpha=2.069µm/m°C
230.00°C
297.82°C
Alpha=-1.128µm/m°C
-1.5
-1.4
-1.3
-1.2
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Temperature (°C) Universal V3.9A TA
 
Subtraction curve for third multi-heat cycle. 
 
 
 
multi-heat results for Sample 2E, not annealed
73.66°C
260.35°C
Alpha=3.817µm/m°C
87.42°C
265.62°C
Alpha=8.046µm/m°C
86.54°C
277.47°C
Alpha=7.800µm/m°C
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
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0 100 200 300 400 500 600
Time (min) Universal V3.9A TA In
 
Multi-heat time curve for un-annealed sample. 
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heat 5°C/min to 300°C
0.05 N loaded expansion probe
50.00°C
100.00°C
Alpha=-8.084µm/m°C
200.00°C
297.82°C
Alpha=-9.110µm/m°C
subtraction curve
-2.75
-2.25
-1.75
-1.25
-0.75
-0.25
0.25
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Temperature (°C) Universal V3.9A TA
2. TMA analysis on 4 nm copper layer thickness: 
subtraction curve
Sample 2A-Substrate 2
25.16°C
125.00°C
Alpha=-4.121µm/m°C
215.00°C
295.00°C
Alpha=-8.675µm/m°C
-2.0
-1.5
-1.0
-0.5
0.0
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Temperature (°C) Universal V3.9A TA
 
Subtraction plot of multi-post sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Subtraction plot of single-post sample. 
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35.00°C
60.00°C
Alpha=-0.4595µm/m°C 115.00°C
200.00°C
Alpha=-10.15µm/m°C
225.00°C
299.21°C
Alpha=-15.56µm/m°C
subtraction curve
first heat of multi-heat
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0 50 100 150 200 250 300
Temperature (°C) Universal V3.9A TA
 
First multi-heat subtraction curve. 
 
 
 
subtraction curve
second heat of multi-heat
100.00°C
175.00°C
Alpha=1.327µm/m°C
185.00°C
250.00°C
Alpha=-0.8757µm/m°C
265.00°C
296.62°C
Alpha=-7.255µm/m°C
-1.5
-1.4
-1.3
-1.2
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-1.0
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Temperature (°C) Universal V3.9A TA
 
Second multi-heat subtraction curve. 
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130.00°C
150.00°C
Alpha=1.799µm/m°C
160.00°C
190.00°C
Alpha=-0.06192µm/m°C
260.00°C
295.16°C
Alpha=-3.158µm/m°C
subtraction curve
third heat of multi-heat
-1.70
-1.65
-1.60
-1.55
-1.50
-1.45
-1.40
-1.35
-1.30
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Temperature (°C) Universal V3.9A TA
 
Third multi-heat subtraction curve. 
 
 
first heat second heat
third heat
multi-heat plot in time
0.05 N loaded expansion probe
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Multi-heat plot with time. 
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3. TMA analysis on 7 nm copper layer thickness: 
heat 5°C/min to 300°C
0.05 N loaded expansion probe
subtraction curve
125.00°C
175.00°C
Alpha=-2.462µm/m°C
200.00°C
275.00°C
Alpha=-5.391µm/m°C
40.00°C
80.00°C
Alpha=1.351µm/m°C
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
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Temperature (°C) Universal V3.9A TA
 
Subtraction plot of multi-post sample. 
 
30.00°C
125.00°C
Alpha=-2.447µm/m°C
250.00°C
299.04°C
Alpha=-11.13µm/m°C
heat 5°C/min to 300°C
0.05 N loaded expansion probe
subtraction curve
-2.0
-1.5
-1.0
-0.5
0.0
0.5
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)
0 50 100 150 200 250 300
Temperature (°C) Universal V3.9A TA
 
Subtraction plot for single post sample. 
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30.00°C
70.00°C
Alpha=-0.8695µm/m°C
175.00°C
225.00°C
Alpha=-5.147µm/m°C
250.00°C
294.34°C
Alpha=-9.055µm/m°C
heat 5°C/min to 300°C
0.05 N loaded expansion probe
subtraction curve-first heat
-1.6
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First Subtraction multi-heat curve. 
 
65.00°C
125.00°C
Alpha=0.9285µm/m°C
215.00°C
275.00°C
Alpha=-2.536µm/m°C
heat 5°C/min to 300°C
0.05 N loaded expansion probe
subtraction curve-second heat
-1.85
-1.80
-1.75
-1.70
-1.65
-1.60
-1.55
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Temperature (°C) Universal V3.9A TA
 
Second subtraction multi-heat curve. 
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90.00°C
150.00°C
Alpha=1.187µm/m°C
215.00°C
295.00°C
Alpha=-0.9831µm/m°C
heat 5°C/min to 300°C
0.05 N loaded expansion probe
subtraction curve-third heat
-1.70
-1.65
-1.60
-1.55
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Temperature (°C) Universal V3.9A TA
 
Third subtraction multi-heat curve. 
 
multi-heat analysis
5°C/min to 300°C
0.05 N loaded expansion probe
54.99°C
228.13°C
Alpha=7.743µm/m°C
56.38°C
281.43°C
Alpha=7.268µm/m°C
40.74°C
83.16°C
Alpha=5.296µm/m°C
-2.0
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Multi-heat plot with time lag. 
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4. TMA analysis on 9 nm copper layer thickness: 
subtraction curve
Sample 3A-substrate
50.00°C
90.00°C
Alpha=-4.653µm/m°C
125.00°C
190.00°C
Alpha=-3.864µm/m°C
225.00°C
296.60°C
Alpha=-9.378µm/m°C
-2.0
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0.0
D
im
en
si
on
 C
ha
ng
e 
(µ
m
)
0 50 100 150 200 250 300
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Subtraction plot for multi-post sample. 
 
50.00°C
100.00°C
Alpha=-2.177µm/m°C
125.00°C
175.00°C
Alpha=-3.232µm/m°C
250.00°C
299.04°C
Alpha=-12.61µm/m°C
Subtraction plot
Sample 3B - substrate
-2.0
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Subtraction plot for single post sample. 
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subtraction curve
first heat-subtrate
25.12°C 100.00°C
Alpha=-0.2651µm/m°C
125.00°C 175.00°C
Alpha=-1.932µm/m°C
210.00°C
299.09°C
Alpha=-7.300µm/m°C
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First multi-heat subtraction curve. 
 
 
75.00°C
125.00°C
Alpha=1.364µm/m°C
150.00°C
210.00°C
Alpha=0.7750µm/m°C
260.00°C
297.20°C
Alpha=-1.060µm/m°C
subtraction curve
second heat-subtrate
-1.30
-1.25
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Second multi-heat subtraction curve. 
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75.00°C
120.00°C
Alpha=0.4366µm/m°C
150.00°C
225.00°C
Alpha=0.8899µm/m°C
250.00°C
299.20°C
Alpha=0.2067µm/m°C
subtraction curve
third heat-subtrate
-1.65
-1.60
-1.55
-1.50
-1.45
-1.40
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Temperature (°C) Universal V3.9A TA
 
Third multi-heat subtraction curve. 
 
first heat second heat
third heat
multi-heat plot in time
0.05 N loaded expansion probe
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Multi-heat plot with the time lag. 
 136
 
 
The micropost sample was subjected to high and low multi-heat 
temperature cycles in order to study the displacement of the post with respect to 
the temperature. The higher temperature ranged from ambient to 450°C, and 
lower temperature varied from ambient to 120°C. The behavior was found to be 
similar in both the cycles as that of the previous results. The first thermal cycle 
showed a negative thermal expansion and the second cycle subtraction plot 
showed a linear positive deflection. The thermal response was calculated on only 
9nm copper layer thickness micropost.  
 
5. High temperature TMA analysis on 9nm sample: 
 
50.00°C
425.00°C
Alpha=7.739µm/m°C
heat 5°C/min to 450°C
0.05 N loaded expansion probe
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Temperature (°C) Universal V3.9A TA In
 
Substrate effect tested for higher temperatures. 
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Subtraction plot
First heat-high temperature
30.00°C
100.00°C
Alpha=1.024µm/m°C
180.00°C
250.00°C
Alpha=-0.6980µm/m°C
274.10°C
446.42°C
Alpha=-4.836µm/m°C
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First subtraction plot on sample subjected to multi-heat cycle. 
 
75.00°C
150.00°C
Alpha=0.8129µm/m°C
250.00°C
300.00°C
Alpha=3.240µm/m°C
325.00°C
439.07°C
Alpha=0.5681µm/m°C
Subtraction plot
Second heat-high temperature
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Second subtraction plot for high temperature cycle. 
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heat 5°C/min to 450°C
equilibrate to 50°C
isothermal 180 minutes
repeat cycle
first heat
second heat
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Multi-heat high thermal cycle as a function of time lag. 
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6. Low temperature TMA analysis on 9nm sample: 
40.00°C
75.00°C
Alpha=-0.9702µm/m°C
95.00°C
119.99°C
Alpha=-3.884µm/m°C
subtraction plot
low temperature cycle
Sample A-substrate
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-0.55
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-0.45
-0.40
D
im
en
si
on
 C
ha
ng
e 
(µ
m
)
0 20 40 60 80 100 120
Temperature (°C)
Instrument: 2940 TMA V2.4E
Universal V3.9A TA
 
First subtraction curve in multi-heat for low temperature measurements. 
 
subtraction plot
low temperature cycle
Sample A-substrate
second cycle
60.00°C
115.00°C
Alpha=1.087µm/m°C
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Second multi-heat subtraction curve. 
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60.00°C 85.00°C
Alpha=0.01203µm/m°C
90.00°C
110.00°C
Alpha=1.978µm/m°C
subtraction plot
low temperature cycle
Sample A-substrate
third cycle
-0.74
-0.72
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Third subtraction curve at low temperatures. 
 
first heat second heat third heat
heat at 5°C/min to 120°C
isothermal 180 minutes
repeat twice
0.05 N loaded expansion probe
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Multi-heat dimensional change as a function of time lag. 
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APPENDIX G: EDXRF MEASUREMENTS 
 
 
Table G-1. XRF Measurements at 150rpm 
 
XRF measurements: -     Composition  
         
AutoNumber X, µm X in cm Distance 
Thickness, 
µm NI % FE % CU % 
Ratio 
(Fe/Ni) 
1 88249 8.8249 0.2 0.56 72.7262 10.1675 17.1063 0.139805
2 90848 9.0848 0.4599 0.57 70.4642 12.6943 16.8415 0.180152
3 93447 9.3447 0.7198 0.49 69.6918 13.6624 16.6459 0.19604
4 96046 9.6046 0.9797 0.51 63.1824 20.0495 16.768 0.317327
5 98646 9.8646 1.2397 0.65 56.1856 26.3341 17.48 0.468698
6 101245 10.1245 1.4996 0.56 54.0262 28.922 17.0516 0.535333
7 103844 10.3844 1.7595 0.6 55.9103 27.3057 16.7838 0.488384
8 106444 10.6444 2.0195 0.62 52.3686 31.5064 16.1247 0.601628
9 109043 10.9043 2.2794 0.85 52.6521 35.7333 11.614 0.678668
10 111642 11.1642 2.5393 0.8 43.1897 43.3997 13.4098 1.004862
11 114242 11.4242 2.7993 0.97 38.4945 51.3994 10.1048 1.33524
12 116841 11.6841 3.0592 1.26 48.8026 45.3945 5.8015 0.930166
13 119440 11.944 3.3191 1.62 49.3069 44.1038 6.589 0.894475
14 122040 12.204 3.5791 1.82 33.8255 59.6804 6.4947 1.764361
15 124639 12.4639 3.839 2.79 40.623 53.8045 5.5752 1.324484
16 127238 12.7238 4.0989 3.25 37.4475 57.089 5.4659 1.524508
17 129838 12.9838 4.3589 3.77 35.2523 59.8719 4.8782 1.6984
18 132437 13.2437 4.6188 4.98 32.6264 63.9197 3.4568 1.9591
19 135036 13.5036 4.8787 6.22 34.325 62.3425 3.336 1.816242
20 137635 13.7635 5.1386 7.54 37.8776 59.088 3.0387 1.559972
21 140235 14.0235 5.3986 11.15 42.0353 55.646 2.3242 1.323792
22 142834 14.2834 5.6585 17.99 47.6626 50.2685 2.0933 1.054674
23 145433 14.5433 5.9184 33.3 53.0231 45.1921 1.8075 0.85231
24 148033 14.8033 6.1784 66.4 57.2013 41.1557 1.6451 0.719489
25 150632 15.0632 6.4383 138.08 57.6758 40.7892 1.535 0.707215
26 153231 15.3231 6.6982 118.32 65.8641 32.9039 1.232 0.499573
27 155831 15.5831 6.9582 67.53 75.1125 23.8435 1.0455 0.317437
28 158430 15.843 7.2181 115.07 72.2964 26.5202 1.1834 0.366826
29 161029 16.1029 7.478 10.07 70.8262 27.9723 1.204 0.394943
30 163629 16.3629 7.738 43.31 79.375 19.3106 1.3221 0.243283 
 
Continued to next page 
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Table G-1 continued: 
 
Vol %   Mass(gm)   
Faradays Law Calculations 
(partial current densities in  
        mA/cm²) 
      
Ni Fe Cu Ni Fe Cu Ni Fe Cu 
0.718114 0.11358 0.168307 0.005373 0.000751 0.0012639149 4.907425 0.721073 1.066247
0.693499 0.141342 0.165159 0.005282 0.000952 0.0012624224 4.823846 0.913347 1.064988
0.685035 0.15193 0.163035 0.004485 0.000879 0.0010712873 4.096202 0.843973 0.903745
0.615976 0.221134 0.162889 0.004198 0.001332 0.0011140147 3.8336 1.278546 0.93979
0.543406 0.288139 0.168455 0.00472 0.002212 0.0014683363 4.310326 2.123272 1.238699
0.520801 0.315414 0.163785 0.003897 0.002086 0.0012299628 3.559035 2.002434 1.037605
0.540063 0.298395 0.161542 0.00433 0.002115 0.0012997680 3.954289 2.0297 1.096493
0.50316 0.342467 0.154372 0.004168 0.002508 0.0012834833 3.806892 2.407135 1.082755
0.503124 0.386294 0.110582 0.005714 0.003878 0.0012604682 5.218753 3.722427 1.06334
0.408798 0.46473 0.126472 0.00437 0.004391 0.0013567903 3.990907 4.214831 1.144598
0.360732 0.544915 0.094353 0.004675 0.006243 0.0012273172 4.270009 5.992253 1.035373
0.460667 0.484766 0.054567 0.007756 0.007214 0.0009219908 7.083212 6.924566 0.777798
0.466181 0.471745 0.062074 0.010091 0.009026 0.0013485055 9.215988 8.663876 1.137608
0.313738 0.626238 0.060024 0.00763 0.013462 0.0014649569 6.968046 12.92113 1.235848
0.379483 0.568622 0.051895 0.014147 0.018738 0.0019415855 12.92019 17.9853 1.637935
0.348415 0.600912 0.050673 0.01513 0.023066 0.0022084634 13.81823 22.14032 1.863075
0.326873 0.628057 0.045071 0.016466 0.027966 0.0022785759 15.038 26.843 1.9222
0.301025 0.667195 0.03178 0.020031 0.039244 0.0021223084 18.294 37.668 1.7904
0.3173 0.651972 0.030728 0.026371 0.047897 0.0025629957 24.08426 45.97366 2.162161
0.351523 0.620377 0.0281 0.035416 0.055248 0.0028412029 32.34431 53.0294 2.396858
0.391738 0.586679 0.021582 0.058364 0.077261 0.0032270213 53.302 74.15924 2.722337
0.447041 0.533396 0.019563 0.107461 0.113336 0.0047195789 98.141 108.7854 3.981469
0.50045 0.482551 0.016999 0.222678 0.18979 0.0075908403 203.3657 182.1701 6.403685
0.542703 0.441745 0.015552 0.481506 0.346438 0.0138480406 439.747 332.5286 11.6823
0.547464 0.438018 0.014518 1.010085 0.714347 0.0268826755 922.4837 685.6655 22.67841
0.631387 0.356845 0.011768 0.998218 0.498682 0.0186718539 911.6465 478.66 15.7517
0.728336 0.261562 0.010102 0.657204 0.208621 0.0091477040 600.2073 200.2447 7.717066
0.698662 0.289943 0.011395 1.074239 0.394059 0.0175839179 981.0739 378.2369 14.83391
0.683179 0.305249 0.011572 0.091925 0.036305 0.0015626733 83.95308 34.8476 1.318282
0.774097 0.213055 0.012848 0.447976 0.108985 0.0074616645 409.1251 104.6093 6.294711 
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Table G-2: XRF Measurements at 400rpm 
 
XRF measurements: -    Composition  
         
AutoNumber X, µm X in cm Distance 
Thickness, 
µm NI % FE % CU % 
Ratio 
(Fe/Ni) 
1 90203 9.0203 0.2 0.56 75.5535 8.7586 15.6873 0.115926
2 92765 9.2765 0.4562 0.57 65.4734 8.8614 25.6646 0.135344
3 95328 9.5328 0.7125 0.49 64.2554 10.3396 25.405 0.160914
4 97891 9.7891 0.9688 0.51 68.9943 11.4013 19.6043 0.16525
5 100454 10.0454 1.2251 0.65 62.7928 12.006 25.2012 0.1912
6 103017 10.3017 1.4814 0.56 61.8242 12.6832 25.4926 0.205149
7 105580 10.558 1.7377 0.6 53.732 21.7547 24.5133 0.404874
8 108143 10.8143 1.994 0.62 64.2912 17.1685 18.5402 0.267043
9 110706 11.0706 2.2503 0.85 46.0644 27.8322 26.1032 0.604202
10 113269 11.3269 2.5066 0.8 45.017 31.7612 23.2215 0.705538
11 115832 11.5832 2.7629 0.97 43.781 34.8516 21.3671 0.796044
12 118395 11.8395 3.0192 1.26 44.3961 40.1721 15.4308 0.904857
13 120958 12.0958 3.2755 1.62 42.1207 42.6297 15.2485 1.012084
14 123521 12.3521 3.5318 1.82 38.2302 48.5018 13.2667 1.268678
15 126084 12.6084 3.7881 2.79 34.9693 53.5646 11.465 1.531761
16 128647 12.8647 4.0444 3.25 30.7924 58.3648 10.8459 1.895429
17 131210 13.121 4.3007 3.77 36.4412 56.3205 7.2415 1.545517
18 133773 13.3773 4.557 4.98 32.5334 60.2175 7.251 1.850944
19 136336 13.6336 4.8133 6.22 27.3917 66.7807 5.8309 2.43799
20 138899 13.8899 5.0696 7.54 28.1478 66.0823 5.7741 2.34769
21 141462 14.1462 5.3259 11.15 30.0085 65.7625 4.2325 2.191462
22 144025 14.4025 5.5822 17.99 29.7722 66.7547 3.4773 2.242182
23 146588 14.6588 5.8385 33.3 32.7714 63.775 3.4569 1.946057
24 149151 14.9151 6.0948 66.4 38.5414 58.8587 2.6151 1.527155
25 151714 15.1714 6.3511 138.08 43.2286 54.6338 2.1663 1.263835
26 154277 15.4277 6.6074 118.32 50.0511 48.1775 1.7866 0.962566
27 156840 15.684 6.8637 67.53 51.7948 46.3902 1.8184 0.895654
28 159403 15.9403 7.12 115.07 60.7327 37.8849 1.3834 0.623797
29 161966 16.1966 7.3763 10.07 62.8332 35.6597 1.5071 0.56753
30 164529 16.4529 7.6326 43.31 67.0056 31.1391 1.8553 0.464724 
 
Continued to next page 
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Table G-2 continued 
 
Vol %   Mass(gm)   Faradays Law Calculations 
      
Partial Current densities 
(mA/cm^2) 
Ni Fe Cu Ni Fe Cu Ni Fe Cu 
0.747363 0.098016 0.154621 0.005592 0.000648 0.0011611407 5.10731 0.622264 0.979546
0.647795 0.099188 0.253017 0.004934 0.000668 0.0019339863 4.505934 0.64095 1.631524
0.634516 0.11551 0.249974 0.004154 0.000669 0.0016425533 3.794119 0.641663 1.385669
0.680237 0.12717 0.192593 0.004636 0.000766 0.0013171636 4.233529 0.735268 1.111168
0.618731 0.133837 0.247432 0.005374 0.001027 0.0021567420 4.907811 0.98623 1.819442
0.60866 0.141263 0.250077 0.004554 0.000934 0.0018779752 4.159443 0.896825 1.584273
0.522842 0.239483 0.237674 0.004192 0.001697 0.0019123271 3.828198 1.628983 1.613252
0.629146 0.190071 0.180783 0.005212 0.001392 0.0015030636 4.760093 1.335975 1.267995
0.444803 0.304043 0.251153 0.005052 0.003052 0.0028627729 4.613808 2.929838 2.415055
0.432492 0.34521 0.222298 0.004623 0.003262 0.0023848086 4.222219 3.130857 2.011841
0.418957 0.377304 0.203738 0.00543 0.004323 0.0026501657 4.959228 4.149093 2.235698
0.42194 0.431931 0.146129 0.007104 0.006428 0.0024690841 6.487737 6.169855 2.082936
0.399088 0.456952 0.14396 0.008639 0.008743 0.0031274238 7.889622 8.392182 2.638316
0.359575 0.516091 0.124334 0.008744 0.011094 0.0030345145 7.986084 10.64847 2.559937
0.326841 0.566385 0.106774 0.012185 0.018664 0.0039948359 11.12789 17.91454 3.370071
0.286099 0.613491 0.100411 0.012424 0.023549 0.0043761537 11.34675 22.60377 3.691753
0.339388 0.593411 0.067201 0.017097 0.026423 0.0033973907 15.61387 25.36217 2.866062
0.30156 0.631469 0.066971 0.020067 0.037142 0.0044724271 18.32634 35.65095 3.77297
0.251873 0.694702 0.053425 0.020934 0.051036 0.0044561559 19.1181 48.98676 3.759244
0.259042 0.68801 0.052948 0.026098 0.061271 0.0053536754 23.83489 58.81064 4.516397
0.27626 0.684915 0.038825 0.041159 0.090198 0.0058051954 37.58938 86.57673 4.897302
0.273748 0.694394 0.031858 0.065804 0.147545 0.0076857122 60.09715 141.6207 6.483719
0.302415 0.665799 0.031786 0.134561 0.261863 0.0141941857 122.8909 251.349 11.97431
0.357742 0.618071 0.024187 0.317402 0.484722 0.0215362847 289.8751 465.2605 18.16816
0.403269 0.576594 0.020137 0.744042 0.940346 0.0372859190 679.514 902.5903 31.45466
0.470691 0.512568 0.016741 0.744158 0.716302 0.0265631226 679.6204 687.5417 22.40883
0.488221 0.4947 0.017079 0.44054 0.394571 0.0154663637 402.3333 378.7285 13.04753
0.578566 0.408302 0.013132 0.889584 0.55492 0.0202633807 812.4333 532.6394 17.09433
0.600256 0.385398 0.014346 0.080768 0.045838 0.0019372701 73.76295 43.99758 1.634294
0.643774 0.338465 0.017761 0.372557 0.173136 0.0103156385 340.2468 166.1847 8.702343 
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Table G-3. XRF Measurements at 650rpm 
 
XRF measurements: -     Composition  
         
AutoNumber X, µm X in cm Distance 
Thickness, 
µm NI % FE % CU % 
Ratio 
(Fe/Ni) 
1 87884 8.7884 0.2 0.56 78.3563 6.369 15.2744 0.081283
2 90597 9.0597 0.4713 0.57 66.8965 9.58 23.5231 0.143206
3 93311 9.3311 0.7427 0.49 77.5531 8.5814 13.8649 0.110652
4 96024 9.6024 1.014 0.51 69.229 7.7461 23.0244 0.111891
5 98738 9.8738 1.2854 0.65 67.9968 8.6523 23.3503 0.127246
6 101452 10.1452 1.5568 0.56 76.2129 10.8319 12.9552 0.142127
7 104165 10.4165 1.8281 0.6 66.8364 9.7044 23.4592 0.145196
8 106879 10.6879 2.0995 0.62 64.3629 10.6871 24.95 0.166044
9 109592 10.9592 2.3708 0.85 61.4136 13.6699 24.9164 0.222588
10 112306 11.2306 2.6422 0.8 57.1242 18.3062 24.5695 0.320463
11 115020 11.502 2.9136 0.97 65.0787 20.7455 14.1755 0.318776
12 117733 11.7733 3.1849 1.26 46.0137 35.7249 18.2607 0.776397
13 120447 12.0447 3.4563 1.62 42.1076 41.8584 16.033 0.994082
14 123161 12.3161 3.7277 1.82 45.6924 42.1142 12.1922 0.921689
15 125874 12.5874 3.999 2.79 35.6873 53.7127 10.5996 1.505093
16 128588 12.8588 4.2704 3.25 42.6121 49.7033 7.6863 1.166413
17 131301 13.1301 4.5417 3.77 37.1903 56.1002 6.7119 1.508463
18 134015 13.4015 4.8131 4.98 35.9884 57.7368 6.2778 1.604317
19 136729 13.6729 5.0845 6.22 33.5266 62.3409 4.1359 1.8594
20 139442 13.9442 5.3558 7.54 40.9094 56.2546 2.8393 1.375102
21 142156 14.2156 5.6272 11.15 70.2998 28.4829 1.2213 0.405163
22 144870 14.487 5.8986 17.99 72.7728 26.3311 0.8992 0.361826
23 147583 14.7583 6.1699 33.3 58.5578 39.7916 1.6727 0.679527
24 150297 15.0297 6.4413 66.4 66.3008 32.2299 1.4709 0.486116
25 153010 15.301 6.7126 138.08 73.7789 25.2906 0.9451 0.342789
26 155724 15.5724 6.984 118.32 77.4068 21.712 0.8854 0.280492
27 158438 15.8438 7.2554 67.53 76.7729 22.4129 0.8211 0.291938
28 161151 16.1151 7.5267 115.07 75.9422 23.0891 0.9891 0.304035
29 163865 16.3865 7.7981 10.07 68.3991 30.0503 1.5732 0.439338
30 166579 16.6579 8.0695 43.31 74.517 24.3873 1.098 0.327272 
 
 
Continued to next page 
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Table G-3. continued 
 
 
Vol %   Mass(gm)   Faradays Law Calculations 
      
Partial Current densities 
(mA/cm^2) 
Ni Fe Cu Ni Fe Cu Ni Fe Cu 
0.777488 0.071495 0.151017 0.005818 0.000473 0.0011340790 5.313174 0.453893 0.956717
0.661206 0.107123 0.231671 0.005036 0.000721 0.0017708199 4.599221 0.692227 1.493876
0.76727 0.096049 0.136681 0.005024 0.000556 0.0008981180 4.58793 0.533553 0.757658
0.685882 0.086822 0.227296 0.004674 0.000523 0.0015545018 4.268664 0.501983 1.311388
0.672889 0.096866 0.230245 0.005844 0.000744 0.0020069302 5.337394 0.713796 1.69306
0.751784 0.12088 0.127336 0.005625 0.0008 0.0009562429 5.137521 0.767418 0.806693
0.660501 0.108496 0.231002 0.005295 0.000769 0.0018586458 4.836124 0.737998 1.567966
0.635281 0.119337 0.245382 0.005263 0.000874 0.0020401580 4.80651 0.838796 1.721091
0.603836 0.152056 0.244108 0.006858 0.001527 0.0027824661 6.2634 1.465254 2.347307
0.558312 0.202414 0.239274 0.005968 0.001913 0.0025669338 5.450539 1.835775 2.165483
0.633843 0.228587 0.13757 0.008215 0.002619 0.0017894699 7.502843 2.513697 1.509609
0.439795 0.386295 0.17391 0.007404 0.005749 0.0029384807 6.762287 5.517971 2.478922
0.399357 0.449127 0.151516 0.008645 0.008594 0.0032915658 7.894947 8.248469 2.776787
0.433163 0.451669 0.115168 0.010534 0.009709 0.0028108138 9.62044 9.319263 2.371222
0.333479 0.567828 0.098693 0.012432 0.018711 0.0036924958 11.3539 17.96017 3.115015
0.400109 0.527978 0.071913 0.017375 0.020267 0.0031341365 15.86845 19.4531 2.643979
0.346455 0.591243 0.062302 0.017453 0.026327 0.0031497424 15.93897 25.26952 2.657144
0.334582 0.607263 0.058155 0.022264 0.035718 0.0038837181 20.33311 34.28435 3.276331
0.309929 0.651974 0.038097 0.025759 0.047897 0.0031776393 23.52475 45.97382 2.680678
0.380976 0.592677 0.026347 0.038383 0.052781 0.0026639686 35.05435 50.6616 2.247342
0.677654 0.310615 0.011731 0.100961 0.040906 0.0017539719 92.20519 39.26336 1.479663
0.703407 0.287933 0.00866 0.169087 0.06118 0.0020892787 154.4223 58.72352 1.76253
0.556414 0.427749 0.015837 0.247579 0.168236 0.0070720745 226.1073 161.4816 5.96605
0.636109 0.349829 0.014062 0.564379 0.274354 0.0125208939 515.4327 263.3384 10.56271
0.713996 0.27689 0.009113 1.317341 0.45157 0.0168749994 1203.093 433.4392 14.23586
0.752602 0.23882 0.008578 1.189858 0.333746 0.0136099179 1086.666 320.3456 11.48142
0.74575 0.246302 0.007947 0.672917 0.19645 0.0071969717 614.5577 188.5623 6.071414
0.736953 0.253483 0.009564 1.133114 0.344506 0.0147581019 1034.843 330.6742 12.45004
0.657917 0.327005 0.015078 0.088526 0.038893 0.0020361303 80.84869 37.33133 1.717693
0.722058 0.267341 0.010601 0.417861 0.136754 0.0061571345 381.6213 131.2632 5.194201 
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APPENDIX H: STRESS MODELLING 
 
 The objective is to determine the dimensional change and the shear 
stresses at the base of the electrodeposited micropost on the substrate in all 
three directions. Mold inserts with the microstructures are used in the injection 
molding to produce different molded parts that are used in various MEMS 
applications. The structures can be in the form of microposts, micro-holes, 
micrometer length walls, and micro-channels. During the injection molding 
process, the mold insert is maintained at high temperature before injection. A 
very high temperature polymer in the liquid form is injected into the mold insert to 
effectively fill the micro-gaps in the microstructures. During these heat cycles, 
thermal stresses are involved at the interface of the microstructures and the 
substrate that could have detrimental effects in the dimensional change. An effort 
was made in calculating the dimensional changes and shear stresses at the 
interface.  
Problem Description with Assumptions: 
 Figure H1 shows a micropost located at a given distance on the top 
surface of the cube (mold insert). The diameter of the micropost is assumed as 
100µm. The following values are assumed for Matlab coding:  
Dimension of the solid cube= 0.03×0.03×0.03 m³.  
G= Centroid of the cube= [0, 0, 0]. 
Temperature change = 80°C. 
Considering the x-y plane,  
x1=0.01m, x2=0.01m + 100µm (micropost diameter) = 0.0101m. 
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y = 0.01m, z = 0.015m. 
The variables that were calculated in the Matlab code are 
r= radius of the micropost from the center of x-y plane. 
r1= radius from the centroid. 
r_new, r1_new =new radius after thermal expansion 
The displacement of the micropost on the substrate is calculated both 
 
 
Fig H1. Micropost on a cubic substrate  
x1 x2 
r1 
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Table H-1. Dimensional changes of Invar, stainless steel and nickel. 
Parameter (unit) Invar Stainless Steel Nickel 
Change in the distance 
from center of x-y 
plane to the micropost 
(µm)  
0.7088 0.7088 0.7088 
Change in the distance 
from centroid to two 
base points of the 
micropost (µm) 
0.024, 0.024 23.836, 23.848 26.689, 26.702 
Shear Stress (MPa) 0.269 0.3749 0.4115 
 
Isotropic thermal expansion was considered in all the directions on the cube. The 
stress analysis was done for three different materials such as Invar, Stainless 
steel, and Nickel. The results are tabulated in table H-1. 
 
The Matlab code is enclosed: 
clear all; 
clc; 
format long; 
 
Dimensions 
L=.03; 
B=.03; 
H=.03; 
 
Youngs Modulus of Stainless Steel 
 
E_ss=195; 
E_ni=214; 
E_in=140; 
 
Poison's ratio 
 
n=0.3; 
 
Coefficient of Expansion for Invar, Stainless steel, and Nickel. 
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alpha_in=1.2*1e-6; 
beta_in=1.2*1e-6; 
gamma_in=1.2*1e-6; 
 
alpha_ss=11.7*1e-6; 
beta_ss=11.7*1e-6; 
gamma_ss=11.7*1e-6; 
 
alpha_ni=13.1*1e-6; 
beta_ni=13.1*1e-6; 
gamma_ni=13.1*1e-6; 
 
dT=80; 
 
Co-ordinates: 
 
x=[0.01 .0101]; 
y=0.01; 
z=0.015; 
x_ref=x(1)+(x(2)-x(1))/2; 
 
 
Change in dimensions 
 
dL_in=L*alpha_in*dT; 
dB_in=B*beta_in*dT; 
dH_in=H*gamma_in*dT; 
 
dL_ss=L*alpha_ss*dT; 
dB_ss=B*beta_ss*dT; 
dH_ss=H*gamma_ss*dT; 
 
dL_ni=L*alpha_ni*dT; 
dB_ni=B*beta_ni*dT; 
dH_ni=H*gamma_ni*dT; 
 
New co-ordinates: 
 
for i=1:2 
x1(i)=sqrt(x(i)^2+y^2); 
 
r(i)=sqrt(x1(i)^2+z^2); 
 
co-ordinates of post on Invar 
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x_new_in(i)=x(i)+dL_in/2; 
y_new_in(i)=y+dB_in/2; 
z_new_in(i)=z+dH_in/2; 
 
co-ordinates of post on Stainless 
 
x_new_ss(i)=x(i)+dL_ss/2; 
y_new_ss(i)=y+dB_ss/2; 
z_new_ss(i)=z+dH_ss/2; 
 
co-ordinates of post on Stainless 
 
x_new_ni(i)=x(i)+dL_ni/2; 
y_new_ni(i)=y+dB_ni/2; 
z_new_ni(i)=z+dH_ni/2; 
 
 
x1_new_in(i)=sqrt(x_new_in(i)^2+y_new_in(i)^2); 
r_new_in(i)=sqrt(x1_new_in(i)^2+z_new_in(i)^2); 
 
x1_new_ss(i)=sqrt(x_new_ss(i)^2+y_new_ss(i)^2); 
r_new_ss(i)=sqrt(x1_new_ss(i)^2+z_new_ss(i)^2); 
 
x1_new_ni(i)=sqrt(x_new_ni(i)^2+y_new_ni(i)^2); 
r_new_ni(i)=sqrt(x1_new_ni(i)^2+z_new_ni(i)^2); 
 
r_new_in(i)-r(i); 
r_new_ss(i)-r(i); 
r_new_ni(i)-r(i); 
 
end; 
 
The change in the distance from the centroid 
 
final_r_in=r_new_in-r 
final_r_ss=r_new_ss-r 
final_r_ni=r_new_ni-r 
 
 The difference in the length from the center of the (x-y) plane, 
 p: for INVAR, q: for Stainless Steel, r: for Nickel. 
 
p=x1_new_in(2)-x1_new_in(1) 
q=x1_new_ss(2)-x1_new_ss(1) 
r=x1_new_ni(2)-x1_new_ni(1) 
 
x_ref_new=sqrt(x_ref^2+y^2); 
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Shear_strain_in=p/x_ref_new 
Shear_strain_ss=q/x_ref_new 
Shear_strain_ni=r/x_ref_new 
 
Shear Modulus 
G_ss=E_ss/(2*(1+n)); 
G_in=E_in/(2*(1+n)); 
G_ni=E_ni/(2*(1+n)); 
 
Shear Stresses 
 
Shear_stress_in=G_in*Shear_strain_in 
Shear_stress_ss=G_ss*Shear_strain_ss 
Shear_stress_ni=G_ni*Shear_strain_ni 
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